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Abstract 

Shankar P. Kharal 
CENTRIFUGAL ASSEMBLY OF BIJEL ROPES VIA HELICAL MICROFLUIDICS 

2020-2021 

Martin F. Haase, PhD 

Doctor of Philosophy in Chemical Engineering 

 

 Bicontinuous interfacially jammed emulsion gels (bijels) are soft materials that 

retain a liquid bicontinuous network stabilized by an interfacially jammed layer of 

nanoparticles. In this thesis, we investigated a microfluidic twisting method to fabricate 

micro-ropes of nano-structured bijel fibers. This method shows how weak microfibers 

with tensile strengths of a few kPa can be reinforced by 4 orders of magnitude by means 

of microfluidic twisting. Microfluidic twisting allows to produce continuous bijel fiber 

ropes of controllable architecture. Modelling the fluid flow field reveals the rope 

geometry dependence on a subtle force balance composed of rotational and translational 

shear stresses. However, the direction of the centrifugal force determines whether 

microropes undergo undulation during microfluidic twisting. The undulation of ropes can 

be avoided by decreasing the density of the fiber casting mixture, or upon increasing the 

density of the co-flowing liquid, enabling a controlled and continuous collection of 

uniform microropes. We envision microfluidic twisting to enable the fabrication of new 

composite materials with applications in flexible electronics, micro 

robotics, actuators, and tissue engineering. Furthermore, the knowledge gained from this 

thesis will facilitate future studies of microfiber twisting, as well as the assembly of 

particles, emulsion droplets or biological cells via microfluidic twisting. 
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Chapter 1 

Introduction 

1.1 Research Motivation 

            The rapid growth of the world’s population results in a significant increase in 

energy demand. Fossil fuels, the classical source of energy, are widely being used and they 

are major source to release large amount of harmful gases as their end-product. It is 

impossible to avoid this unwanted gaseous product but perpetuate release of these gases on 

the Earth’s atmosphere leads to long term effects.[1][2] The finite resources in non-

refillable nature and ecological deterioration prompted by processing these fuels urged to 

search new source of sustainable energy and materials. Energy efficient materials and 

technology both are urgently needed to optimize the use of limited natural resources in the 

Earth.[3][4] 

            Environmentally friendly industrial processes are being explored to meet the 

current demands. The understanding behind the transition from batch to continuous 

manufacturing is a critical step toward achieving a safer, greener, and more cost-effective 

industrial production. The major task to be addressed soon is to discover highly efficient 

continuous approach to produce value added materials to cut down production costs, reduce 

waste generation, avoid environmental contamination, and ultimately save natural 

resources for next generation.[5][6]  

1.2 Relation of the Dissertation With Current State of Knowledge 

            Bicontinuous interfacially jammed emulsion gels (bijels) are soft materials.[7] The 

material preserves bicontinuous architecture of two immiscible fluids partitioned by a layer 
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of nanoparticles.[8] Bijels have a number of structural properties such as uniform, 

asymmetric, hierarchical and interconnected pore geometry, a tunable interfacial area, and 

the ability to introduce catalytically active materials with a specific thickness at the 

interface.[7][8][9] This property makes bijels a potential candidate for tissue 

engineering,[10] sensors,[11] catalysis,[12][13][14] electrochemical devices,[15][16] 

filtration membranes,[17] and food products.[18] Several fabrication schemes, computer 

simulation, and applications of bijels have already been investigated (Chapter 2). 

 

Figure 1 

Bijels 

 

Note. (A) Animation depicting inherent features of bijels. (B) Micrograph of bijels obtained 

from computer simulation in the year 2005 (adapted from reference [7]). (C) Micrograph 

of bijels observed via experiments in the year 2007 (adapted from reference [8]).[7] 
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            Bijels with a hierarchical internal architecture were discovered in 2015 by using a 

new microfluidic method called STrIPS (Solvent Transfer Induced Phase Separation).[9] 

In this method, a bijel fiber is fabricated by injecting a homogeneous ternary liquid mixture 

of oil, water, and a suitable solvent into a continuous stream of water. When the ternary 

mixture is introduced into the stream of water, solvent diffuses establishing 

interpenetrating channels between the two other phases of water and oil. Concomitantly, 

surface-active nanoparticles dispersed in the ternary mixture bind to the liquid interfaces, 

stabilizing the bijel via interfacial jamming.  

            STrIPS enables the bijels in various shapes such as particles, fibers and membranes 

in a continuous fashion. However, the science governing the formation of bijels via STrIPS 

is yet not fully understood, necessitating more investigation. Current researches on STrIPS 

bijels are primarily focused in three directions: (i) determine the governing principle for 

colloidal stability in ternary mixtures, (ii) comprehend the underlying processes that occur 

during STrIPS, and (iii) tailor and measure mechanical properties, as well as investigate 

applications.[19] It is important to note that microfluidics is the technique used to process 

and manipulate STrIPS bijels in all mentioned research directions. Therefore, 

understanding the science behind microfluidics of STrIPS bijel is essential in order to 

process and manipulate bijels in the search for answers to numerous unexplained questions 

and application potentials. 

1.3 Thesis Objectives 

            Microfluidics has been used to study the behavior of fluids and complex mixtures 

for several decades. Microfluidics is a discipline that examines the behavior of fluids in 

micro-channels, as well as a technology for making microminiaturized devices with 
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chambers and tunnels through which fluids can be confined.[20] Microfluidic devices have 

a high surface area to volume ratio, which leads to unique phenomena not seen at the 

macroscale. 

            The mechanics of geometrically constrained complex fluids in microchannel open 

up possibilities for fabricating high-value materials. The mechanics of coaxial flow in a 

microfluidic array of capillaries have been widely studied.[21][22][23] By combining the 

geometry of the device and the properties of the fluids, concurrent flow has been used to 

manipulate and control fluids.[24][25] Microcapillary devices have become a standard tool 

in many physical and biological sciences. Controlling fundamental forces in fluids with 

rotating micro-channels, on the other hand, has not been thoroughly researched. 

            Actively rotating the microfluidic channel opens up new possibilities for 

microfluidic twisting, helical assembly, and particle mixing or separation. The major 

purpose of this thesis is to present new microfluidic methods that allows fluids to flow 

continuously in a helical path. The rotational flow generated by actively rotating micro 

capillary channels is employed to examine microfluidic twisting and helical assembly of 

bijel fibers. Furthermore, helical flow field is utilized to build robust composite bijels and 

stimuli-responsive hydrogel ropes. The following are details of the many accomplishments 

in this research work: 

1.3.1. Microfluidic Twisting Production of Bijel Fibers (Chapter 3) 

            The structural stability of bijels is because of the interfacially jammed nanoparticle 

scaffold, which forms the framework of the 3D bicontinuous architecture. The process of 

structure stabilization begins through fluid phase, transits viscoelastic stage, and finally 
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gets maturity becoming solid. The main goal of this chapter is to introduce continuous 

extrusion of bijel fibers in a helical fluid flow field.  

            The following four questions are the main focus of this chapter: (a) “How are 

multiple bijel fibers twisted to form a rope?” (b) “What are the governing physics that 

transform multiple parallel fibers into a rope?” (c) “How does geometrical features of the 

rope, such as helix angle, pitch length and diameter, be controlled?” (d) “How can the 

geometrical properties of ropes containing an arbitrary number of fiber strands change?"  

 

 Figure 2 

 Microfluidic Twisting 

 

Note. (A) Schematics of four bijel fibers (top) and helix formation as channel wall rotation 

is activated (bottom). (B) Micrographs showing the formation of four bijel fibers (top) and 

a helix when the channel wall rotation is activated (bottom). Scale bar 0.5 mm. 
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1.3.2. Microfluidic Assembly of Helical Bijel Fibers via Centrifugal Forces (Chapter 4) 

            Centrifugal buoyancy force is crucial in manipulating and transporting fluids in a 

rotational microfluidic system. For example, centrifuge instruments are a well-known 

system that uses centrifugal force as its operating principle. The centrifugal force created 

due to the rotors in a centrifuge induces a hydrostatic pressure gradient in the tubes directed 

perpendicular to the axis of rotation. This results in larger buoyant forces that push the less 

dense particles inwards while the denser particles are moved outwards.[26] This enables 

component fluids to be separated based on their densities.  

            During microfluidic twisting of bijel fibers, the similar centrifugal effect appears. 

The control of centrifugal force effect during bijel rope extrusion is the main topic of this 

chapter. The following four questions will be addressed in this chapter: (a) "How does the 

bijel fiber density change during STrIPS over time?" (b) “During microfluidic twisting, 

how does the direction of centrifugal force changes with density evolution?" (c) “What 

effect does altering nanoparticle concentration in the fiber casting mixture have on the 

centrifugal force on the microropes?" (d) How does changing the density of the 

surrounding media around the microropes during extrusion control the centrifugal force 

effect?" 

 

 

 

 

 



 

7 
 

Figure 3 

Microfluidic Assembly 

 

Note. Schematics and micrographs depicting a straight microrope in (A) and an undulating 

microrope in (B). 

 

1.3.3. High-Tensile Strength, Composite Bijels and Derived Materials (Chapter 5) 

            Twisting multiple fibers into higher order helices or ropes combines the qualities 

of the individual fibers, resulting in a diverse reinforcement technique with numerous 

application possibilities. The mechanical strength of bijel ropes and the bijel derived 

hydrogel ropes are the major focus of this chapter. 

             In this chapter, we primarily address the following four questions: (a) “How do we 

transfer the bijel ropes from rotating to non-rotating environment during collection?” (b) 

What modifications do we need to make to the microfluidic system in order to extrude 

composite bijel ropes?" (c) "How does selective polymerization during microfluidic 

twisting contribute in tensile strength enhancement?" (d) What are the properties of 

composite hydrogels generated from the bijel route in different pH environments?" 
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Figure 4 

Composite Bijels 

 

Note. (A) Micrograph representing composite bijel rope made of 5-fiber strand. (B) 

Micrographs representing hydrogel ropes at different pH of the surrounding fluid. 
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Chapter 2 

Literature Overview 

2.1 Bijels 

             The basic mechanism of bijel stabilization is the reduction of the interfacial free 

energy by the interfacial self-assembly of colloids. The attachment energy of a spherical 

particle on the interface of two immiscible fluids (oil-water) is Δ𝐺 = −𝜋𝛾𝑜𝑤𝑎2(1 ±

𝑐𝑜𝑠𝜃)2 with 𝑎 the particle radius, 𝛾𝑜𝑤 the oil/water interfacial tension and 𝜃 the contact 

angle measured through either of the phase.[27] For given immiscible media and particles 

the attachment energy is controlled by tuning wettability (angle of contact). The attachment 

energy reaches maximum,  Δ𝐺 = −𝜋𝛾𝑜𝑤𝑎2 at  𝜃 = 90𝑜, which equals the reduction of the 

oil-water surface energy by the removal of the surface occupied by the particle. The 

attachment energy can reach several thousands of 𝐾𝐵𝑇, where 𝐾𝐵 is the Boltzmann’s 

constant and 𝑇 is the absolute temperature, rendering the attachment virtually irreversible. 

            The particle packing constraints at the interfacial curvature influences the 

architecture of the oil/water scaffold. Particles with 𝜃 < 90𝑜 curve the oil-water interface 

towards the oil to form oil-in-water droplets, while particles with 𝜃 > 90𝑜 curve the 

interface towards the water to form water-in-oil droplets. In the case of bicontinuous 

stabilization, both positive and negative Gaussian curvatures are present, and this requires 

particles with 𝜃 ≈ 90𝑜 . [28][29] Excellent emulsion stability results when particles form a 

densely packed, interfacial monolayer, sterically hindering droplets from coalescence or 

bicontinuous emulsions from further coarsening.  
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Figure 5 

Bijel Formation Principle 

 

Note.  (A) A graph depicting attachment energy as a function of contact angle at the oil-

water interface for nanoparticles ranging in size from 20 nm to 80 nm. (B) At the oil-water 

interface, particles of varied wettability and the related interfacial curvatures are illustrated 

in (C). (D) An animation depicting spinodally decomposed oil (green) and water (blue) 

phases with dispersed colloidal particles, as well as the creation of bicontinuous surfaces 

over time. (E) Bijel evolution predicted through computer simulation in 2005 (adapted 

from reference [7]). (F) Bijel evolution over time observed experimentally in 2007 (adapted 

from reference [8]. 
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2.2. Bijels: Fabrication to Application 

            The origins of bijels can be traced back to simulations  conducted at the University 

of Edinburgh in the year of 2005 to see if colloidal particles might be utilized to stabilize a 

liquid interface of two immiscible fluids.[7] Following the use of computer simulations to 

predict bijel stability in 2005, laboratory investigations were conducted in 2007 to confirm 

bijels by experiment.[8] Since the experimental realization of bijels in 2007, numerous 

researchers have been working to improve the fabrication 

procedures.[8][30][31][9][32][33] Following that, we will review over the bijel fabrication 

methods in the next. 

2.2.1 Bijels by Thermal Quenching Method 

            Bijel was initially demonstrated experimentally by dispersing colloidal particles in 

a binary water-lutidine mixture and afterwards thermally quenching the mixture. The 

particles were selected in such a way that they preferentially partition to the liquid-liquid 

interface (𝜃 ≈ 900), where they jam and prevent the phase separation process. The liquids 

were miscible above the upper critical solution temperature (UCST) in the binary liquid 

composition. It was necessary to quench the system deeply and quickly in order for 

spinodal decomposition to occur. The fluids must go through spinodal phase separation to 

achieve bijel morphology; otherwise, nucleated structures will develop instead of 

bicontinuous structures. Most bijel fabrication protocols follow this basic path, with the 

only difference being whether selected binary mixtures are heated to a lower critical 

solution temperature (LCST)[8][30] or cooled to an upper critical solution temperature 

(UCST)[34][35] to generate bicontinuous structured materials, as shown in Figure 6. 
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            The same research group who invented bijels first time was successful in 

synthesizing three-dimensional bijel material later that year. This was accomplished by 

using a single layer of colloidal particles to stabilize bicontinuous surfaces. [8] It was also 

critical to maintain particle wettability in order to stabilize the bicontinuous interface. The 

particles must be wetted neutrally, with a contact angle of 90 degrees. Otherwise, 

depending on their wettability, the particles partitioned into one of two liquid phases. 

Hydrophilic particles with a contact angle of less than 90 degrees go into the water phase, 

while hydrophobic particles with a contact angle of more than 90 degrees move into the oil 

phase. Furthermore, following a fast-thermal quench from room temperature to 40 degrees 

Celsius, the critical composition of lutidine (0.644 mole fraction, Lutidine) plays an 

important role in bypassing the nucleation areas. The liquid components containing a lower 

critical solution temperature (LCST) phase separated, and the particles collected at the fluid 

interface, jamming the phase separation process. As a result, maintaining a stable bijel 

material necessitates a high temperature condition as well as careful tuning of particle 

wettability to fit various liquid-liquid compositions.      

            Bijel capsules, an alternative to numerous emulsions, were developed in 2011 

within a Pickering drop.[36] The binary mixture of nitromethane and ethanediol was cooled 

to room temperature to promote spinodal decomposition in the drops, which was 

arrested by the silanized silica. For the first time, bijel with domain sizes less than ten 

micrometers was fabricated using a higher concentration of 100 nm silica particles. As a 

result, produced capsules are stimuli responsive, indicating that they could be used in 

controlled release applications such as triggering flavor blending in various food 

formulations.[36] 
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Figure 6 

 Thermal Quenching Method  

 

Note. (A) When binary mixtures are heated through a lower critical temperature (LCST). 

(B) When binary mixtures are cooled into an upper critical solution temperature (UCST). 

 

            Porous materials with changeable morphology and chemistry have a wide range of 

uses in energy and healthcare. Inspired by the many possibilities given by bijels for 

generating bicontinuous porous scaffolds, Lee et al.  build macro porous bijel 

materials.[30] Their goal was to use the bijel scaffold in tissue engineering, catalysis, 

sensors, and fuel cells in their research. Microporous ceramic monolith with solid/pore 

morphology, metal coated microporous polymer scaffold, hierarchical porous and 

bicontinuous metal monoliths, and composite hydrogels for biomedical implants are some 

of the composite materials they have developed.[31][37][10] 
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            The material features of these co-continuous and fully interpenetrating 

bicontinuous pathways were greatly improved, including effective electrochemical 

transport in porous electrode materials [15] and a scaffold for cell development.[10] This 

group's work includes turning a liquid bijel domain into a polymer bijel scaffold by 

including a photo initiator into a cross-linkable monomer. The resulting polymer bijel 

scaffold is then utilized to make hierarchical porous gold [38] and silver monoliths [31] for 

applications in catalysis, tissue engineering, sensing, and energy.    

 

Figure 7 

Polymerized Bijels 

 

Note. (A) Polymerized bijel template (adapted from [30]) (i) Microporous ceramic (ii) 

Copper coated microporous polymer (iii) Hierarchical pore network (iv) Spinodal nickel 
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shell. Scale bar 50 µm. Inset scale bars correspond to 500 nm (iii) and 20 µm (iv). (B) 

SEM image of selectively polymerized PEGDA bijel. SEM images of silver monoliths 

are shown in the Figure (C) and (D) (adapted from [31]) 

 

          In recent years, bijel research has expanded in a variety of ways. One such example 

is edible bijel, which is a food product created within a bijel architecture. It was the first 

time in 2014 that a bicontinuous architecture was used to demonstrate the potential to 

stabilize particular food components. Inactivated singled-cell microorganisms were added 

to gelatin-maltodextrin gels undergoing spinodal phase separation to achieve this.[18] 

Other food-based systems incorporating emulsification for diverse flavors, texture, and 

calorie reduction employing a wide range of food-based particles are presently being 

researched in this field. 
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Figure 8 

Bijel Applications 

 

Note. (A) SEM images of monolithic porous gold with hierarchical porous bijels (adapted 

from [38]). (B) Confocal image representing cell delivery by using bijel template 

scaffold, scale bar 200 µm (adapted from [10]) 

 

            The thermal quenching process, however, is time-consuming due to the 

requirement for fine-tuning particle wettability to fit various liquid-liquid mixtures, as well 

as high heat conditions to keep the bijel material stable. Additionally, this process uses 

batch protocol to create bijels, which is an important step yet to be realized for mass 

production. Furthermore, bijels of various geometrical shapes such as fibers, membranes, 

ropes, and other similar geometrical shapes cannot be generated. 
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2.2.2 Bijels by Solvent Transfer Induced Phase Separation (STrIPS) Method 

            In 2015, Haase et al. discovered STrIPS (Solvent Transfer Induced Phase 

Separation) as a novel method for making bijels.[9] This method, in particular, addresses 

the major issue with the thermal quenching method that are connected to continuous 

production of bijels.  

            Instead of the binary mixture solution used in the thermal quenching approach, 

STrIPS uses a ternary mixture of two immiscible fluids plus a suitable solvent to achieve 

spinodal decomposition of the fluids. Here, spinodal decomposition is achieved by 

employing microfluidic diffusion method. 

            For a bijel fabrication by STrIPS, a ternary solution of oil (for example Diethyl 

phthalate (DEP)), water and alcohol (ethanol) is prepared by choosing the critical 

composition as shown in the Figure 9A. The ternary solution also contains silica 

nanoparticles and suitable surfactant (𝐶16𝑇𝐴𝐵). When the ternary mixture is injected into 

the stream of water, it phase separates because of the solvent diffusion. There can be two 

types of phase separations: (i) If the ternary composition is far away from the critical 

composition it results either W/O emulsion, or O/W emulsion. (ii) If the ternary 

composition is near the critical composition it results with spinodal decomposition during 

diffusion (Figure 9B). When the interfaces of two immiscible fluids appear during spinodal 

decomposition, the surface-active nanoparticles (Figure 9D) attach at the interfaces 

stabilizing the structures. The attachment improves with the jamming of nanoparticles in 

the course of time and eventually becomes bicontinuous interfacially jammed emulsion 

gels (Figure 9E). 
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Figure 9 

STrIPS 

 

Note. (A) Ternary phase diagram representing binodal line, critical point, and spinodal 

phase separation region. (B-C) Schematics depicting droplets with spinodal phase 

separation and nucleation. (D) Surface modification chemistry of silica nanoparticles in the 

presence of surfactant (𝐶16𝑇𝐴𝐵) (E) Bijel fiber generation due to the attachment of 

nanoparticles at the interfaces of two immiscible fluids during spinodal decomposition.   

 

            The advantage of employing STrIPS to make bijels is that it is a continuous and 

scalable process that allows for large-scale production. In addition, STrIPS bijels can be 

made with a number of liquid combinations to derive beneficial uses. STrIPS has been 
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utilized to manufacture a wide range of materials, including microparticles (Figure 10A 

(left)),[9] fibers (Figure 10A (right)),[39] planer membranes (Figure 10B (left)),[9] hollow 

fiber membranes (Figure 10B right),[17] resulting in novel applications in 

ultrafiltration and biphasic catalysis. The underlying mechanism that occurs during the 

STrIPS process and the controlling principle of colloidal stability in ternary mixture 

solutions are two major areas that need to be further investigated. 

            Bijels generated by thermal quenching or STrIPS, on the other hand, are both fragile 

in their inherent state. Bijels, regardless of their creation method, are prone to losing their 

structure and usefulness when subjected to external stressors. Mechanical agitation can 

very easily alter the macro- and micro-structure of bijels. The chemical and mechanical 

fragility of bijels makes them unsuitable for potential applications. In order for their 

prospective uses to be realized, their strengths must be improved. 

            In 2018, Giuseppe et al. discovered a method for tailoring the stability of STrIPS 

bijels. In his approach, tetraethyl orthosilicate (TEOS) is added to a ternary mixture, which 

undergoes hydrolysis and condensation reactions to bind the nanoparticles together, 

establishing a nanoparticle scaffold throughout the bijels.[13] Later, they used TEOS 

treated bijels for reactive separations.  In 2019, Ansah et. al used functional particles to 

stabilize STrIPS bijels, and then demonstrated the use of partially functionalized particles 

and controlled surfactant adsorption to make STrIPS bijels using highly charged 

particles.[40][41] 
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Figure 10 

Various Geometrical Shapes of Bijels 

 

Note. (A) Particles (blobs) (adapted from [9] ) (B) Fibers in different size (adapted from 

[39]) (C) Planer membranes (adapted from [9]) (D) Hollow fiber membranes (adapted 

from [17]). 

             

2.3. STrIPS Bijels and Microfluidics 

            The backbone for processing and manipulating STrIPS bijels is microfluidics. 

Bijels in various geometrical shapes such as fibers and hollow fiber membranes are 
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typically made by incorporating the fluid properties and the microfluidic device 

geometry. The fundamental science behind multiphase flow of immiscible fluids is 

reviewed next, followed by a discussion of how we integrate the fluid properties with the 

microfluidic techniques to generate bijels of various shapes. 

2.3.1 Concurrent Flow of Immiscible Fluids 

            Complex flow behaviour can be generated by the simultaneous flow of distinct 

fluids such as immiscible fluids, Newtonian and non-Newtonian fluids, and Newtonian 

fluids with substantial viscosity differences.  When a Newtonian fluid is forced to flow 

through a capillary channel while another Newtonian but immiscible fluid is continuously 

flowing through it, it will eventually break down into drops near the orifice or distant from 

the orifice, resulting in dripping and jetting. Many factors influence the dripping or jetting 

mechanism, including fluid average velocities, viscosity, density, interfacial tension, 

surface chemistry, and device shape. The behaviour of fluids is controlled by the 

dominance of either shear force or inertial force, as specified by the equations below.[23] 

𝐶𝑎 = Shear force / surface tension force =
μu

γ
                                                     Equation 1 

Where μ represents viscosity of fluids, u is the fluid velocity and γ denotes the surface 

tension.   

When 𝐶𝑎 > 1, shear force deforms droplet away from sphere. 

The weber number (We) is also a dimensionless number which is defined as the ratio of 

inertial force and surface tension. 



 

22 
 

(We) = inertial force of outer fluid / surface tension force =
ρu2d

γ
                      Equation 2 

Where ρ denotes density, u represents the average velocity, d is the droplet diameter 

and γ denotes the surface tension. Inertial forces are the force due to the momentum of the 

fluid. The denser a fluid is, and the higher its velocity, the more inertia it has. Viscous 

forces are the frictional shear forces due to the relative motion of the different layers in a 

flowing fluid. The ratio between the inertial forces and the viscous forces is defined by 

another dimensionless number called Reynolds number (Re): 

𝑅𝑒 = Inertial force / viscous force =
ρuL

μ
                                                           Equation 3              

Where ρ stands for the density of the fluid, u signifies the fluid velocity, L represents a 

characteristic linear dimension, and μ refers to the fluid viscosity. The Reynold number 

define the flow regime of the fluid. At low Reynold number values, the viscous forces are 

greater than the inertial forces and the flow regime within the capillary is laminar. When 

the viscous forces are dominated by the inertial forces, the turbulent flow occurs. The flow 

of fluid within our designed microfluidic capillary channel is the laminar flow. The 

condition for the jetting is the high flow rate of outer and the middle fluid. When 𝐶𝑎 > 1 

and 𝑊𝑒 > 1 the jetting phenomenon occurs, which is illustrated in the Figure 8B. The 

condition for the dripping phenomena is the low flow rate of outer and the inner fluid. In 

this case when 𝐶𝑎 < 1 and 𝑊𝑒 < 1 the dripping phenomenon occurs.  
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Figure 11 

 Dripping and Jetting Phenomena  

 

Note. (A) Dripping (B) Narrowing jetting (C) Widening jetting (D) State diagram 

representing dripping and jetting region. Squares represent dripping while circles 

represent jetting.(adapted from [23]) Scale bars are 50 µm. 

 

2.3.2 Single Bijel Fiber Extrusion 

            In a microchannel environment, the laminar flow required for fluid control is easily 

obtained. By maintaining laminar flow and precisely controlling fluidic inertia, surface 

tension and viscosity fibers with various cross-section and structures can be generated. 

Furthermore, proper solidification processes play a key role in fiber production and 

structural variety. Photo polymerization, chemical cross-linking, ionic cross-linking, 

solvent exchange, non-solvent driven phase separation, and solvent evaporation are some 
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of the most often employed methods of solidifications. Furthermore, fiber materials can be 

modified for particular application by encapsulating functional materials.   

 

Figure 12 

Generation of Controlled Fibers 

 

Note. (A) Continuous fiber generation (B) Segmented fiber generation (C) Graphical 

representation to distinguish the blobs, rods, and fiber generation region for given device 

and ternary mixture. (D) Micrograph representing different dimension of bijel rods at 

different flow rate of the water phase. (adapted from [39]) 
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            The precise control of fiber structure is the most significant advantage of 

microfluidics over other approaches. Utilizing the simplest single channel or two phase 

coaxial microfluidic channels, microfibers with a cylindrical shape are most easily 

manufactured using microfluidics. The precise controllability of fiber dimensions is a 

crucial issue, which is influenced by channel dimensions, flow rates, and the method of 

solidification. 

            STrIPS bijels in terms of particles, rods and fibers is generated by employing a 

simple microfluidic device by assembling coaxially aligned glass capillary (Figure 12A-

B). For given geometry of the device and ternary mixture solution, bijel particles (blobs), 

bijel rods, and bijel fibers are fabricated by tuning suitable flow rates of the ternary mixture 

and the water phase (Figure 12C). With the variation of the water, flow rates at constant 

ternary mixture flow rate, the velocity of the fiber changes and experiences dissimilar shear 

stresses to get definite shape during extrusion (Figure 12D). 

2.3.3 Fluid Flow Around the Fiber Surface 

            In general, Navier-Stokes-Equations (NSE) are used to study and analyze the flow 

profile of fluids. NSE for a fluid of density 𝜌 moving with velocity V in a non-rotating 

frame of reference can be written as: 

∇. 𝑉 = 0 (continuity equation),                                                                    Equation 4 

𝜌 (
𝐷𝑉

𝐷𝑡
) = −∇𝑃 + 𝜌𝑔 + 𝜇∇2𝑉 (Momentum Equations).                              Equation 5 

            In the momentum equation, 𝜌 (
𝐷𝑉

𝐷𝑡
) = 𝜌 [(

𝜕𝑉

𝜕𝑡
) + (𝑉. ∇)𝑉] represents the total 

derivative ((
𝜕𝑉

𝜕𝑡
) denotes the change in velocity over time and (𝑉. ∇)𝑉 refers to the 
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convective effect). Similarly, ∇𝑃 refers to the pressure gradient because fluids flow in the 

direction of reducing pressure, 𝜌𝑔 represents the body forces that act on the fluid such as 

gravitational force or electromagnetic force. The term 𝜇∇2𝑉 describes the diffusion during 

the flow, for example, viscosity (μ) operates as a diffusion of momentum in a Newtonian 

fluid flow. 

 

Figure 13 

 Velocity and Shear Stress Profiles Around a Bijel Fiber  

 

Note. (A) Model development (B) Fiber moving slower than the water phase (C) Fiber 

moving with the same speed as water. (D) Fiber moving faster than water. 
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            NSE can be used to determine the flow profile around the bijel fiber surface. For 

example, a cylindrical fiber of radius 𝑅1 moving at a fixed velocity 𝑈 can be compared to 

a cylindrical annulus with an inner cylinder (fiber) flowing at velocity 𝑈 in a bigger channel 

of radius (𝑅2) without slipping and a static outer wall moving at zero velocity. Various 

characteristic parameters such as fiber length(𝐿), fiber radius(𝑅1), fiber velocity(𝑈), and 

pressure drop along the flow direction 𝑑𝑝/𝑑𝑧 must be quantified in order to simulate the 

flow field by determining shear stress profiles around the fiber surface. The velocity of the 

fiber can be evaluated using high-speed imaging; however, other required characteristic 

parameters can be approximated from experimental data. The fiber can move slowly, at the 

same speed as, or faster than the speed of the outside water. Figure 13 depicts the velocity 

(𝑣𝑧(𝑟)) and shear stress profiles (𝜏𝑟𝑧(𝑟)) in such instances. A similar model was used 

previously to measure the tensile strength of bijels by creating a conical constriction in the 

flow channel.[39] When the device geometry is complex and several fluids are injected at 

different speeds through the channel, fluid modeling becomes more challenging. 

2.4 Twisted Fibers and Their Importance 

            Helical structures are found in nature at both the micro- and macro-scales. 

Fabricating helical structures with controlled morphology and helicity is crucial in biology, 

physics, and materials science. [42] 

            The significance of helical structures is based primarily on space-saving 

configurations, mechanical strength and bending flexibility, and the development of 

composite materials. For example, to save space, staircases are built in a helical shape. 

Similarly, plant tendrils climb trees by following the helical path because it is the shortest 

path in 3D space.[44] DNA double helix is used to store genetic information in high density 



 

28 
 

at the molecular level. To increase tensile strength, textile fibers are twisted or braided 

together to form a rope. There are several methods for fabricating helices depending on 

their length scale. 

 

Figure 14 

Micrographs Representing Helical Stricture in Different Length Scale 

 

Note. (i) DNA double helix (ii-iii) Plant tendrils (iv) Spiral galaxy. 

 

            Helical structures are formed on a small scale using a variety of techniques such as 

vapor deposition,[45] entropy driven force,[46][47] DNA origami,[48] and molecular 
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chirality.[49][50][51] On a larger scale, however, the helical structures are formed by 

twisting the extrusion nozzles or collection substrates, which adheres to the batch protocol. 

Nanofibers generated by electrospinning have recently gained popularity due to their 

fabrication method and potential applications.[52][53] Twisting fibers and other materials 

into helical shapes remains easier if the mechanical strength of the fiber is sufficient to 

maintain the processing threshold during twisting. The twisting of numerous microfibers 

after their production with the aid of a motor-driven rotating system or a micro weaving 

machine is a straightforward way for constructing helical microfibers.  To make twisted or 

helical micro fluids, a fundamentally different concept of a microfluidic technology is 

required, and the investigation of such methods is still ongoing. Twisting soft materials 

with low mechanical strength, such as bijel fibers,[9] reconfigurable printed 

liquids,[54][41] hydrogels,[55] capillary suspension,[56] high-internal phase emulsions, or 

colloidal gels,[57] necessitates a novel approach. 

2.5 Rotational Flow and Centrifugal Microfluidics 

            In everyday life, rotating flow of fluids has been observed in a variety of ways. 

Centrifuges, for example, are commonly used pieces of laboratory and industrial 

equipment.[26] As a centrifuge-rotor spins, materials are separated based on their densities. 

Milkfat droplets, for example, move towards the rotational axis because they have a lower 

density than water. Bacteria, which are heavier than water, are drawn away from the 

rotational axis. Is similar behavior observed during the continuous rotation of fluids within 

the micro capillaries? 

            Along with the previously mentioned flow-control parameters such as device 

geometry, average velocities, viscosity, interfacial tension, and surface chemistry, three 
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other density-dependent forces emerge during rotational flow of fluids which are also 

known as Pseudo forces. The pseudo forces comprise the centrifugal force (𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙), 

Euler (𝐹𝐸𝑢𝑙𝑒𝑟), and Coriolis (𝐹𝑐𝑜𝑟𝑖𝑜𝑙𝑖𝑠). These are inertial body forces acting on fluids or 

particles in rotating systems. To clarify the flow manipulation principle in a rotating 

system, I will go over the three density-dependent forces here. When such density 

dependent forces exist in rotational fluid flow, the flow is referred to as centrifugal 

microfluidics rather than rotational microfluidics. The forces exerted on a point-like body 

(mass density 𝜌) at position r in a system rotating with angular velocity ω are given in the 

following equations: 

Centrifugal force density, (𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙) =  −𝜌𝜔 × (𝜔 × 𝑟),                    Equation 6 

Euler force density, (𝐹𝐸𝑢𝑙𝑒𝑟) = −𝜌 (
𝑑𝜔

𝑑𝑡
) × 𝑟, and                                      Equation 7 

Coriolis force density, (𝐹𝑐𝑜𝑟𝑖𝑜𝑙𝑖𝑠) = 2𝜌𝜔 × 𝑉.                                           Equation 8 

            To study the flow of fluids in a rotating system with angular velocity (ω), the 

Navier-Stokes-Equation derived for a non-rotating system can be modified by including 

the effect of density dependent forces, i.e. 

𝜌 [
𝜕

𝜕𝑡
𝑉 + (𝑉. ∇)𝑉] = −∇𝑃 + 𝜇∇2𝑉 − 𝜌𝜔 × (𝜔 × 𝑟) − 𝜌 (

𝑑𝜔

𝑑𝑡
) × 𝑟 − 2𝜌𝜔 × 𝑉.  Equation 

9 

            Here, r denotes the radial position, 𝜌 the mass density and V the velocity of the 

fluid.  The terms in the right side 𝜌𝜔 × (𝜔 × 𝑟), 𝜌 (
𝑑𝜔

𝑑𝑡
) × 𝑟, and 2𝜌𝜔 × 𝑉 represent the 

centrifugal, Euler and Coriolis effect, respectively. For the common situation where the 

velocity vector  ω is perpendicular to the other two vectors r and V, the numerical values 
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for the centrifugal force density, Euler force density and Coriolis force density can be 

expressed as: 𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙 = 𝜌𝜔2𝑟, 𝐹𝐸𝑢𝑙𝑒𝑟 = 𝜌𝑟 (
𝑑𝜔

𝑑𝑡
) and 𝐹𝑐𝑜𝑟𝑖𝑜𝑙𝑖𝑠 = 2𝜌𝜔𝑉. 

 

Figure 15 

Centrifugal Microfluidics 

 

Note. (A) Schematics depicting the direction of the Centrifugal force, Coriolis force and 

Euler force in a continuously rotating disk. (B) A micrograph of the microfluidic device 

(lab on a disc) containing multiple channels designed for serial dilution of liquids. In the 

front, decreasing intensity of green ink from left to right visualizes the result of the 

automated serial dilution. (adapted from [58]) 

 

              In the fields of biology, medical diagnostics, and material synthesis and separation 

research, centrifugal microfluidic or lab-on-a-disc platforms[59] have been widely 
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employed by manipulating the influence of centrifugal, Coriolis, and Euler force effects. 

Most of the research works in centrifugal microfluidics are performed by using Lab on a 

disk platform (Figure 15B). By incorporating the channels assays and various forces, 

centrifugal microfluidics has been investigated for different unit operations of fluids such 

as pumping,[59] valving,[60][61][62] siphoning,[63] mixing [64][65] of different kind of 

fluid materials. However, continuous generation of microfibers, microbeads, hydrogel 

particles, and emulsion droplets by influencing the effects from centrifugal force, Coriolis 

forces and Euler force has not been investigated in detail. 

            In 2017, Yashuda et. al suggested a microfluidic twisting approach (Figure 17) 

based on fluid extrusion in a planetary centrifuge.[66] The planetary centrifuge can produce 

orbital rotation and axial spin at the same time, comparable to planets orbiting a fixed star. 

They successfully fabricated the hydrogel beads and twisted microfibers.  
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Figure 16 

Schematic Depiction of Twisting Microfluidics by Using the Planetary Centrifuge 

 

Note. The generation of twisted microbeads and microfibers are shown respectively in 1 

and 2 (adapted from [66]). 

 

            The centrifugal force effect in microfluidic channels with actively rotating channel 

walls has another potential which not been investigated in detail. This dissertation presents 

a new microfluidic method to create helical flow of fluids by actively rotating micro 

capillaries (Figure 17) and later used to fabricate ropes made of STrIPS bijels in a 

continuous fashion 

            Following a broad and detailed discussion of background research on bijels, 

including fabrication methods, current research directions and relation with the 
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microfluidics, I will move on to the main topic of my PhD dissertation. First, I will discuss 

about our work on fabricating STrIPS bijels in a helical flow field (Chapter 3), and then I 

will show how to assemble a numerous helical STrIPS bijels by controlling the centrifugal 

force effect (Chapter 4). Finally, in Chapter 5, I will demonstrate how to use selective 

polymerization methods to create composite bijel ropes with high tensile strength. In 

addition, I will discuss composite hydrogel ropes derived from the bijel route. 

 

Figure 17 

Pseudo Forces in a Rotating Channel 

Note. A schematic representation to illustrate the capillary rotation and the direction of 

the Pseudo forces in the fluids during rotation. 
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Chapter 3 

Microfluidic Twisting Production of Bijel Fibers 

            Some of the text and figures are reproduced and adapted with permission from the 

journal, Kharal, S.P., Hesketh, R.P., and Haase, M.F., “High-tensile strength, composite 

bijels through microfluidic twisting”, Advanced Functional Materials, 30, 2003555, 2020, 

reference [67]. 

3.1 Introduction 

            Helices are ubiquitous structures in nature and technology. Their significance lies 

in their space saving configuration with importance both for macroscopic objects such as 

compact helical staircases, and for molecules such as the double helix of DNA with high 

genetic information density. While molecular or colloidal helices can be assembled by 

entropy,[46][47] molecular chirality,[49][50][51] DNA origami and vapor deposition 

techniques, [48][45] helices made of larger fibers can be obtained for example via the liquid 

rope coiling effect.[68][69]  

            Traditionally, ropes are fabricated by attaching the ends of multiple filaments to 

rotating tools, which twist them around each other.[70] This millennia old technique 

continuous to be applied for the bundling of electro spun nanofibers into micro ropes.[52] 

Simultaneous nanofiber extrusion and bundling has been realized by either rotating fiber 

collection substrates, or rotating fiber extrusion nozzles.[53][71] However, rope collection 

follows a batch protocol with limitations on the final bundle length. Moreover, the 

techniques are not applicable to delicate fiber materials that break easily upon mechanical 

load. 
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            Here, we introduce an in-situ technique to continuously twist fibers into ropes in a 

single step fashion. Our technique relies on applying well defined hydrodynamic shear 

stresses and can be applied to combine fibers with different material properties. 

            We demonstrate hydrodynamic twisting for the bundling of fibers made of 

bicontinuous interfacially jammed emulsion gels (bijels)[7][8][36] formed by Solvent 

Transfer Induced Phase Separation (STrIPS).[9] Twisting bijel fibers into ropes introduces 

a versatile reinforcement strategy with manifold potentials. In this chapter, we analyze the 

hydrodynamic stresses during twisting and discover a subtle balance between axial and 

rotational forces. Controlling these allows for the formation of micro ropes with adjustable 

geometry.  

3.2 Materials 

            Ludox TMA suspensions, CTAB (Bio Ultra > 99%), and diethyl phthalate (DEP) 

(99: 5%) were purchased from Sigma-Aldrich and used as received. Pure Water and pure 

ethanol (200% proof > 99: 5%) were used for all experiments. 

3.3 Preparation of Suspension Solution 

            The ternary liquid mixture comprises 6 components: (i) pure ethanol (ii) a 

solution of 200 mM CTAB in ethanol (iii) Ludox TMA at pH 3 (iv) Ludox TMA 

particles in ethanol at pH 3 (v) pure water and (vi) DEP. 

3.4 Microfluidics 

            The following is a step-by-step breakdown of the device fabrication technique. 

            Step-1: Four round-cross-section glass capillaries (50 μm inner diameter (ID) and 

80 μm outer diameter (OD)) are each inserted into a round-cross-section capillary with an 
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ID of 100 μm and an OD of 170 μm. The capillaries are glued together using UV Norland 

81 adhesive glue (Figure 18A (i-iii)) and a handheld UV-lamp. The 4 combined capillary 

assemblies are inserted in a larger outer round-cross-section capillary (Figure 18A iv-v)), 

which has an ID of 0.45 mm and an OD of 1 mm. After symmetrically aligning the inserted 

capillaries around the central axis of the round capillary of ID 0.45 mm, a drop of UV 

Norland 81 is applied around the middle of the extrusion capillary to bind them together 

(Figure 18A(vi)). 

            Step-2: In order to inhibit bonds between PDMS bearing and glass surface, the 

capillary surfaces are treated with tridecafluoro−2− (tridecafluorohexyl) 

decyltrichlorosilane. This task is performed in multistep fashion. First, the capillaries are 

washed in water plus 5% alkaline dish soap, sonicate for 2−5 minutes in the solution, and 

then air dry to reduce particles from the glass surfaces. Second, the glass surfaces are etched 

overnight (> 12 hrs.) in base bath solution (NaOH solution in Iso-propanol) to make 

capillaries more smooth. Third, the capillaries are cleaned with extensive DI water, and 

then air-dried capillaries are placed in Piranha acid [Conc. Sulfuric acid + Hydrogen 

Peroxide (3:1 volume ratio)] solution for at least 30 minutes in order to increase OH surface 

amount. Four, after cleaning with extensive DI water and drying with Nitrogen gas, the 

capillaries are treated in a solution of perfluromethyldecalin (3.98 ml) and tridecafluoro−2− 

(tridecafluorohexyl) decyltrichlorosilane (20 µl) > 48 hours. 

            Step-3: Figure 18Bi and 18Bii shows a fluorocarbon-treated round-cross-section 

capillary with an ID of 0.8 mm and an OD of 1 mm and a normal (untreated) square-cross-

section capillary of ID 1.05 mm and OD of 1.40 mm. The round-cross-section capillary 

with 0.8 mm ID is inserted into the square capillary as shown in the Figure 
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18B(iii).  Polydimethylsiloxane (PDMS) is next introduced in the region not occupied by 

the round and square capillaries Figure 18B(iv). The PDMS is cured for 20 minutes at 150 

°C. Inside the PDMS bearing, the fluorocarbon-treated capillary can freely revolve on its 

axis. The capillary combination built in Figure 18B(iv) is subsequently placed from the 

right side into a holder square capillary, as shown in Figure 18B(v). 

 

Figure 18 

Step-By-Step Illustration for Making a Microfluidic Device 
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 Note.  (A) Capillary assembly to generate four fibers. (B) Capillary combination to create 

rotational flow in the flow  channel. (C) Combination of (A) and (B). (D) Capillary 

assembly gluing stage on a microscope slide. (E) Dispensing needles that serve as injection 

chambers and flushing channel. (F) A micrograph of the microfluidic device after all the 

flow channels have been glued in place. 

 

            Step-4: The capillary combination shown in Figure 18A(vi) is then inserted into the 

capillary combination shown in Figure 18B(v). The entire capillary assembly (Figure 18C) 

is then mounted on a microscope slide and sealed with 5-minute epoxy (Devcon) glue 

(Figure 18D).  

            To inject fluids, we added one chamber with a flushing channel (ID 0.66 mm and 

OD 0.91 mm) at the inlet of 50 micrometer capillaries, and another chamber with a flushing 

channel at the inlet of 0.45 mm ID round capillary. The stainless-steel dispensing needles 

as illustrated in Figure 18E were used as chambers to get the final product (Figure 18F). 

Step-5: We used different Lego parts to build a rotating device to twist bijel fibers, as 

illustrated in Figure 19(A-C). The motor (EV3 large servo) connected with the multiple 

gears (2 large gears with 40 tooths and 2 small gear with 8 tooths) can be programmed to 

control the rotation speed.   

            In addition, the Lego racket with numerous gears can slide in separate locations, 

allowing different sections of the fiber to be visualized during the experiment (Figure 19(B-

C)). The most essential step is to connect the microfluidic device to the Lego racket's 

rotating gear. To do so, we create a tunnel of 1 mm diameter in the center of the axle pin 
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that fits inside the rotating gear, as shown in Fig 19D(i-iii). We place the free end of the 

fluorocarbon tube in the microfluidic device into the tunnel of the axle pin once all of the 

gears in the racket are connected. The microfluidic device is next aligned straight and 

bonded with the axle pin using 5 minute epoxy resin, as shown in Fig 19D(v). The complete 

design of the device including both the microfluidic device and rotating system is shown 

in the Figure 19E. 
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Figure 19 

Lego Based Rotating System 

 

Note.  (A) Lego-based rotating system with programmable DC motor. (B) The rotating 

system with multiple gears can slide to different locations on demand and a zoomed in 

view of the rotating system is shown in (C). (D) Illustration of how we connect device with 

the rotating system. (E) Rotating system with microfluidic device in its final configuration 

before injecting fluids to generate fibers. 
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            To prevent the cohesion of bijels on the glass capillary surfaces during experiment, 

we coat the flow channel with PDADMAC (Poly(diallyldimethyl ammonium chloride)). 

To this end, we inject a PDADMAC solution (2 g/L of PDADMAC including NaCl 

concentration of 0.5 mol/L) into the device. Afterwards, excess PDADMAC solution is 

flushed with DI water and the device is dried with air.  

 

Figure 20 

A Schematic Illustration Demonstrating How We Carried Out the Experiments and Studied 

the Bijel Ropes 

 

            

To extrude bijel fibers, water is pumped into the inlet connected to the 0.45 mm ID 

and 1 mm OD round capillary. A ternary liquid mixture is injected through the chamber 

connected to the inlet of the four glass capillaries (ID 50 μm), resulting in four parallel 
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fibers. Figure 20 depicts our experimental setup how we conducted the experiment. Using 

an inverted light microscope (Nikon Diaphot300) equipped with a high-speed camera 

(Phantom Miro C320), the in-situ production of the fibers and ropes is captured. By simply 

blocking specific extrusion nozzles during the fabrication of the device, the desired number 

of fibers (1 to 4) can be generated. By blocking the other three extrusion capillaries in the 

four-fiber combination, for example, a single fiber can be produced. 

3.5 Steady State Ropes 

            To obtain bijel fiber helices, a coaxial extrusion device is employed (Figure 21A). 

The device is composed of four glass capillaries centered in a larger outer capillary. Water 

is pumped through the outer capillary by means of a syringe pump. Four parallel fibers are 

obtained by flowing a ternary liquid mixture composed of oil (diethyl phthalate or ethylene 

glycol dimethacrylate), ethanol, water, silica nanoparticles and cetyltrimethylammonium 

bromide (CTAB) under a pressure of 400 kPa through the four glass capillaries into the 

water stream. 

            Upon contacting the water stream, the ternary liquid mixture rapidly turns into a 

viscoelastic fiber, a process termed Solvent Transfer Induced Phase Separation 

(STrIPS).[9]  In brief, ethanol diffuses from the ternary liquid mixture into the surrounding 

water. The rapid loss of ethanol causes water and diethyl phthalate (DEP) to phase separate. 

            During STrIPS, CTAB modified nanoparticles accumulate on the interface between 

DEP and water, rigidifying the interface by jamming. The resulting structure is named 

bicontinuous interfacially jammed emulsion gel (short bijel).[7] The bijel is composed of 

a bicontinuous oil/water channel network and stabilized by a percolating film of 

nanoparticles.[8][36] 
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            Bijel fibers are twisted into a helix by rotating the larger capillary around its own 

axis via a DC motor (Figure 21B). The rotating capillary is mounted in a 

polydimethoxysilane (PDMS) bearing to facilitate leak proof operation. Smooth rotation 

in the PDMS bearing is possible because of the lubrication provided by a coating of 

tridecafluoro-2-(tridecafluorohexyl) decyl trichlorosilane on the outer capillary, inhibiting 

bonding between the glass surface and the PDMS bearing. Figure 21C shows a micrograph 

time series of fiber extrusion and helix formation upon outer capillary wall rotation. 

 

Figure 21 

Principle of In-Situ Hydrodynamic Twisting 

 

Note. (A) Schematics of the microfluidic device. A combination of capillaries with square 

and round cross-sections and different sizes are interdigitated and sealed with glue. A gear 
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is connected to the rightmost capillary to allow for rotation. (B) Schematics of bijel fiber 

helix formation upon activating the rotation of the outer channel wall. (C) Micrograph time 

series of helix formation upon initiation of the wall rotation at 1900 rpm for a water flow 

rate of 1 ml/min. Each micrograph has three numbers on the left, representing (top to 

bottom) (i) time in milliseconds, (ii) number of wall rotations, (iii) number of fibers twisted 

around the central axis. The arrows indicate half period (upward arrow) and full period 

(downward arrow) of the twisting for one selected fiber. All scale bars are 0.5 mm. 

 

            Twisting of fibers begins near the extrusion nozzles immediately after the rotation 

has been initiated. After 1 rotation of the outer cylinder the fibers have twisted half a period 

around the central axis (indicated by arrows). With the second wall rotation completed the 

fibers have twisted a full period around the central axis. This trend continues with each 

wall rotation adding another half period. Simultaneously, the fiber bundle becomes tighter 

indicated by a decreasing pitch length (horizontal length of a full twist): At 1 wall rotation 

the pitch length is 4.4 mm, at 2 wall rotations 2.0 mm and at 4 wall rotations it reaches a 

steady state value of 1.4 mm. 

            As expected, the rotational speed (revolutions per minutes) controls how tight the 

rope is twisted. The rope "tightness" is quantified by the helix angle α as depicted in 

Figure 22. The helix angle (α) can be calculated by measuring the bundle radius (r) and 

repetition length (H) through the following equation: 𝑐𝑜𝑠𝛼 = [(
𝑟

ℎ
) + 1]

−
1

2
 where, H = 

2πh is the helix-pitch (repetition length) and r = D/2 the bundle radius. Two example 
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measurements of the helix radius (r) and the helix pitch (H), as well as a schematic for 

the calculation are provided in Figure 22.  

 

Figure 22 

Example Measurements of the Helix Radius and the Helix Angle 

  

 

            Figure 23A shows micrographs of steady state bundles at different rpm, constant 

water flow rate Qw of 0.8 ml/min and ternary mixture pressure of 400 kPa. Increasing from 

1390 rpm to 3000 rpm results in a linear increase of α from 10° to 27° (Figure 23C).  

            Interestingly, the rope geometry also depends on the water flow rate. Figure 23D 

shows micrographs of steady state fiber bundles at different   𝑄𝑊, constant rpm of 3000 

and ternary mixture pressure of 400 kPa. The ropes become progressively tighter with 

decreasing Qw. The helix angle α decreases linearly from 37° at 0.5 ml/min to 18° at 1 

ml/min (Figure 23E). 
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            By adjusting the capillary nozzle organization ropes with different number of fibers 

can also be extruded. Micrographs of ropes having 3 fibers and 5 fibers are shown in the 

Figure 24 and Figure 25, respectively. 

 

Figure 23 

Hydrodynamic Study of Steady State Ropes (4 Fibers) 

 

Note. (A)  Micrographs for different rotational speeds (rpm) at constant water flow rate of 

0.8 ml/min (B) An animation to depict helix angle measurements (C) Variation of helix 

angle against rpm (D) Micrographs for different flow rates at constant rotational speed 

(3000 rpm). (E) Variation of helix angle against water flow rate. All the scale bars are 0.5 

mm. 
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            As observed in the case of 4 fibers ropes, the tightness in 3 and 5 fibers can be 

controlled by varying the water flow rate (𝑄𝑊) and the outer wall rotation (rpm). The 

variation of helix angle looks similar in the case of 3, 4 and 5 fibers bundle. However, 5 

fibers bundle exhibit higher helix angle while in comparison with the 3 and 4 fibers rope 

even at the similar flow rate and rotational speed. 

 

Figure 24 

Hydrodynamic Study of Steady State Ropes (3 Fibers) 

         

 Note. (A)  Micrographs for different rotational speeds (rpm) at constant water flow rate of 

0.8 ml/min (B) (i) Capillary nozzle organization  (ii) Front view of the  bundle (iii) An 

animation to depict helix angle measurements  (C) Variation of helix angle against rpm (D) 

Micrographs for different flow rates at constant rotational speed (3000 rpm). (C) Variation 

of helix angle against water flow rate. All scale bars are 0.5 mm. 
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            Our results show that the rope tightness depends on two control parameters: (i) rpm, 

and (ii)   𝑄𝑊. This indicates a balance between forces in rotational and in flow direction. 

In the following, we approximate the forces acting on the fiber bundle based on a 

hydrodynamic model. 

 

Figure 25 

Hydrodynamic Study of Steady State Ropes (5 Fibers) 

 

Note. (A)  Micrographs for different rotational speeds (rpm) at constant water flow rate of 

0.8 ml/min (B) (i) Capillary nozzle organization (ii) Front view of the bundle (iii) An 

animation to depict helix angle measurements (C) Variation of helix angle against rpm (D) 

Micrographs for different flow rates at constant rotational speed (3000 rpm). (C) Variation 

of helix angle against water flow rate. All scale bars are 0.5 mm. 
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3.6 Velocity and Shear Stress Profile on the Bijel Fibers Ropes 

            The calculations derived in the appendix A and B provides an analytical solution 

for the shear stress along 𝜃 direction (𝜏𝑟𝜃) and Z direction (𝜏𝑟𝑍). We considered the rope 

as inner solid cylinder with radius   𝑅1, rotating along the 𝜃 direction with angular velocity   

𝜔1, and translating along the Z direction with linear velocity U. The cylindrical channel 

has radius 𝑅2 rotating with angular velocity   𝜔2, as shown in the Figure 26. 

 

Figure 26 

Schematic Demonstration to Study Flow Dynamics During Bundle Formation 

       

Note. (A) Left: 4 parallel fibers inside the flow channel Middle: rope formation upon 

activating outer wall rotation Right: Simplified hydrodynamic model where the rope is 
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assumed as a rotating solid cylinder. Boundary conditions as well as final analytical 

equations are shown in (B) and (C) respectively. 

 

            In the simplified model, the flow space for the water around the bijel rope is 

approximated as a cylindrical annulus. The outer wall rotates uniformly with angular 

velocity 𝜔2  around the axis of a centered cylinder. The centered cylinder approximates 

the shape of the bundle, which itself rotates with angular velocity 𝜔1  and translates with 

velocity U. The bundle surface velocities U can be determined by measuring the movement 

of irregularities on the fiber surface via high-speed video-microscopy.  

3.7 Surface Velocity Measurements 

Figure 27 

Micrographs to Demonstrate How We Calculated Bundle Surface Velocity 
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The method of bundle surface velocity measurement is described as follows: 

            Let us suppose, number of frames per second = 𝑥, time of 1 frame = 1/𝑥 seconds, 

time that passes during 𝑦 frames 𝑇 = 𝑦/𝑥 seconds. The travel distance L can be measured 

by tracking the travelling distance of irregularities on the fiber surfaces. The linear velocity 

calculates to U = L/T. An example measurement is shown in Figure 27.  

            For the calculation of shear stress along the translation direction Z, we have 

performed measurements of rope surface velocity U at steady state. The results are plotted 

in the Figure 28 and used for our calculations of the shear stress on the bundle surface. For 

a given 𝑄𝑇 and rpm, U increases approximately linearly with 𝑄𝑊 (see Figure 28A). U also 

depends on the capillary orientation. 

            For a given 𝑄𝑇 and rpm, D decreases approximately linearly with 𝑄𝑊. The 

extrusion of a bijel fiber depends on the combination of the volumetric flow rates of the 

ternary mixture (𝑄𝑇) and the water phase (𝑄𝑊). This combination controls the shear stress 

on the fiber surface. By increasing 𝑄𝑇 at a constant   𝑄𝑊, the shear stress exerted from the 

water phase on the fiber surface reduces. The effect of increasing 𝑄𝑇 on the fiber extrusion 

is shown in Figure 28C. 

            At low 𝑄𝑇 the high shear stress causes periodic fiber pinch-off due to yielding of 

the fiber. Continuous extrusion of uniform fibers takes place at intermediate   𝑄𝑇 . At high 

𝑄𝑇 the shear stress is insufficient to facilitate uniform fiber extrusion. This dependence has 

been analyzed in detail in the study by Haase et al.[39] The limitations imposed by the fiber 

yielding at low 𝑄𝑇 and nonuniform fiber extrusion at high 𝑄𝑇 restricts our experimental 

range for rope formation. It is possible to increase 𝑄𝑇 and still extrude uniform fibers, but 
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then also 𝑄𝑊 needs to be increased. However, to maintain the same twist angle an increase 

of 𝑄𝑊 requires an increase of the rotational speed of the capillary (rpm). The simultaneous 

increase of 𝑄𝑇, 𝑄𝑊 and RPM does not change the rope size, but the rope extrusion speed. 

 

Figure 28 

Rope Velocity and Diameter Against Water Flow Rates 

 

 

Note. (A) Measurements of the bundle surface velocity (U) plotted against water flow rate 

(𝑄𝑊) (B) Measurements of the bundle diameter (D) plotted against water flow rate (𝑄𝑊) 

(C) Micrographs to demonstrate the effect on fiber size. 
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            For the calculation of shear stress along the rotation direction, we have performed 

measurements of rotation frequency 𝜔1 of the ropes by considering steady states. The 

results are plotted in the Figure 29. The graph shows that the bundle rotation frequency 𝜔1 

depends linearly with the frequency of the outer wall rotation   𝜔2. 

 

Figure 29 

Bundle Rotation Frequency (Rpm) Vs. Wall Rotation Frequency (Rpm) 

 

3.8 Helix Angle Dependence on Shear Stress Ratio 

            The shear stress ratio 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

 is defined to approximate the forces on the rope 

surface. The dependence of 𝛼 on the shear stress ratio is approximately linear in the studied 

range and shows the combined effect of the hydrodynamic forces. Interestingly, for all 

experiments, 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

is always smaller than 0.2, indicating that hydrodynamic forces 
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in axial direction dominate over the rotational shear stresses. When 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

 is 

gradually increased from 0.05 to 0.18, α increases from 10° to 37° (Figure 30).  

            An alternative representation of the shear stress ratio is given by the angle 𝛽, which 

represents the direction of the resulting vector with the components 𝜏𝑟𝜃|𝑅1
 and 𝜏𝑟𝑧|𝑅1

. A 

plot of 𝛼 against 𝛽 is shown in the inset of Figure 30C. The slope of this linear dependence 

can be interpreted as the resistance of the fibers against twisting, which is likely a function 

of the fiber bending modulus, as well as the packing constraints in the rope. However, 

additional experimental research probing the dependence of the slope on the fiber material 

properties is needed to develop an analytical prediction. The variation of helix angle against 

shear stress ratio and the direction of the resulting vector for 3, 4 and 5 fibers rope are 

shown in the Figure 31A and Figure 31B, respectively. 

 

Figure 30 

Helix Angle Against Shear Stress Ratio 
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Note. (A) 3-Dimensional depiction of bijel bundle in flow channel with arrows indicating 

flow direction of water and rotation direction of outer wall (B) cylindrical annulus 

geometry used to approximate fiber rope in channel for hydrodynamic calculations. (C) 

Measurements of the helix angle 𝛼 plotted against calculated values for the shear stress 

ratio 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

 . Error bars correspond to the standard deviation of 5 measurements. 

The inset shows a schematic of the angle 𝛽 and the variation of 𝛼 with respect to   𝛽. 

 

Figure 31 

An Alternative Representation of Shear Stress Ratio 

 

Note. (A)  Measurements of the helix angle 𝛼 plotted against calculated values for the shear 

stress ratio 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

 for 3, 4 and 5 fibers bundle together. (B) Measurements of the 

helix angle 𝛼 plotted against the calculated values of 𝛽 for 3, 4 and 5 fibers rope. Error bars 

correspond to the standard deviation of 5 measurements. 
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3.9 Pitch Length and Rope Diameter Against Shear Stress Ratio 

            We compared rope diameter (D) with respect to shear stress ratio (𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

) 

which shows that D increases approximately linearly with increase in the shear stress ratio 

(Figure 32A). Also, we performed measurements for the linear distance (H) travelled by 

each fiber during one twist at steady state. The pitch length (H) is plotted against the shear 

stress ratio (𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

) which is shown in the Figure 32B. The pitch length decreases 

approximately quadratically with increase in the shear stress ratio.  

 

Figure 32 

Rope Diameter and Pitch Length Against Shear Stress Ratio 

Note. (A) Measurements of the diameter (D) of the twisted fibers against values of the shear 

stress ratio (𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

).  (B)  Measurements of the pitch length (H) of the twisted fibers 

against values of the shear stress ratio (𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

). 
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3.10 Ropes with Larger Diameter Exhibit Higher Helix Angle  

            The measurements of the diameter (D) are also compared with the measured values 

of the helix angle. The measurements of the diameter (D) are also compared with the 

measured values of the helix angle (𝛼) which shows that the bundles with higher D also 

exhibit higher 𝛼  (see Figure 33A). It means 5 fibers bundle exhibit higher 𝛼 than 3 and 4 

fibers bundle even at similar values of 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

. An illustration is shown in the Figure 

33B to visualize the dependencies of bundle diameter against helix angle. The helix angle 

dependence for 3 and 4 fibers in a bundle is nearly identical, and a single master curve 

describes both trends. However, for 5 fibers, 𝛼 increases more steeply with 𝜏𝑟𝜃|𝑅1
/𝜏𝑟𝑧|𝑅1

 . 

We attribute this to the larger diameter of the 5 fiber ropes. Two effects are at play: bundles 

with larger diameters require (i) a larger 𝛼 for the same number of twists and (ii) require a 

higher number of twists per length (and consequentially higher 𝛼) for a closed packed 

configuration of the individual fibers. 

 

Figure 33 

Ropes with Various Diameters and Helix Angle 
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Note. (A)  Measurements of the bundle diameter plotted against helix angle. (B)  An 

illustration to show bundles with higher diameter exhibit higher helix angle. (i) 4 fibers: 

twisting angle 1800 degrees, twisting path length 20, and fiber diameter 0:33 unit. (ii) 5 

fibers: twisting angle 1800 degrees, twisting path length 20, and fiber diameter 0:33 unit. 

(iii) 5 fibers: twisting angle 2400 degrees, twisting path length 20, and fiber diameter 0:33 

unit. 

 

 

3.11 Inertial Force and Operation Limit for Stable Bundles 

            To probe the impact of inertial forces we calculated the Reynolds numbers for the 

water around the fibers in rotational (𝑅𝑒𝜃) and translational (𝑅𝑒𝑍) directions (Figure 34). 

For our experiments with bundles made of 4 fibers 𝑅𝑒𝜃 ranges from 20 – 45, and 𝑅𝑒𝑍 ranges 

from 10 – 23. The ratio 𝑅𝑒𝜃/𝑅𝑒𝑍 increases from 1 to 4 when the helix angle increases from 

10 – 38°. These calculations confirm laminar flow in both directions and that inertial effects 

are larger in rotational direction.  
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Figure 34 

Helix Angle vs. Reynolds Numbers 

 

 Note.  A graph showing variation of helix angle (𝛼) against Reynolds number ratio 

𝑅𝑒𝜃/𝑅𝑒𝑍  for 3, 4 and 5 fibers bijel bundle. 

 

            The flow rate of the ternary mixture 𝑄𝑇 is controlled by the pressure. All 

experiments are performed at a pressure of 400 kPa. For lower pressures periodic fiber 

pinch-off occurs due to fiber yielding, while for higher pressures nonuniform fiber 

extrusion takes place[24]. It is possible to increase 𝑄𝑇 and still extrude uniform fibers, but 

then also 𝑄𝑊 needs to be increased to maintain enough shear stress. However, in order to 

obtain significant twist angles an increase of 𝑄𝑊 requires an increase of the rpm. The 

simultaneous increase of   𝑄𝑇, 𝑄𝑊 and rpm increases the bundle extrusion speed at a 

constant bundle size. 
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Figure 35 

Operation Limits for Bundle Fabrication and Example Micrographs 

 

Note. The different colored regions depict 4 distinct phenomena shown in the micrographs 

on the right. (i) nozzle clogging by the solidifying ternary mixture at 𝑄𝑊 < 0.5 ml/min. (ii) 

fiber pinch-off for high shear rates at 𝑄𝑊 > 1.0 ml/min, (iii) loose bundle formation at 

insufficient rotational shear stress, (iv) stable bundle formation at 500 < rpm < 3000 and 

0.5 < 𝑄𝑊 < 1.0 ml/min. 

 

            At the constant pressure of 400 kPa for the ternary mixture, stable bundles can be 

obtained within a range of Qw from 0.5 ml/min to 1.0 ml/min Outside of this range 3 distinct 

phenomena are observed: (i) clogging of the extrusion capillary by the solidifying ternary 

mixture (Qw < 0.5 ml/min), (ii) pinch-off of individual fibers (Qw > 1 ml/min), (iii) loose 

bundle formation for low rpm values. Figure 35 depicts these operational limits 

graphically. 
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3.12 Conclusion 

      We have introduced microfluidic in-situ twisting to generate bijel fiber bundles. We 

demonstrate the control of geometrical features of the bundles based on balancing 

hydrodynamic stresses in rotational and translational directions. The microfluidic twisting 

method can produce bundles with pitch lengths from 500 µm to 2400 µm and helix angles 

from 10° to 36°. Microscopic bundles at a rate of 5.6 cm3/hr can be produced with our 

device, but higher rates are possible when increasing feed pressure and rotational speed. 

Our method is suitable for soft fibers with elastic moduli below 1 MPa and yield strengths 

ranging from hundreds of Pa to MPa. Microfluidic twisting is applicable to fibers made of 

bijels, reconfigurable printed liquids,[54] hydrogels,[55] capillary suspensions,[72] high-

internal phase emulsions or colloidal gels.[73]  
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Chapter 4 

Microfluidic Assembly of Helical Bijel Fibers Via Centrifugal Forces 

4.1 Introduction 

            The control over microfluidic flows is essential for research in biology,[74] cancer 

therapeutics,[75] medical diagnostics[76]  optics,[77] as well as material[78] - and 

separation science.[79] The simplest microfluidic flow has a parabolic velocity profile. 

However, microfluidic operations such as mixing,[80] separation,[81] particle sorting and 

self-assembly,[82] as well as droplet formation[23] require more complex fluid flows. For 

example, microfluidic channels with herringbone patterned ridges enable transverse flows 

that can mix fluids chaotically.[83] Rotating flows can also be realized in intravascular 3D 

passive mixers realized by printing hydrogels via stereolithography.[84] Alternatively to 

manipulating flows via the channel geometry, fluids can be actively twisted in a 

microfluidic channel by the movement of the channel wall. A helical flow field results 

when pumping a liquid through a rotating microcapillary. The resulting forces can for 

instance be used to coil microfibers around each other.[66][67] Microfluidic fabrication of 

microfibers made of polymers,[85] hydrogels,[55][86][87] emulsion gels,[57] or phase 

separated proteins[88] has recently gained more attention due to their applications as 

building blocks for functional three-dimensional (3D) objects. Actively rotating the 

microfluidic channel has additional unexplored potentials for the centrifugal assembly or 
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separation of particles during microfluidic flow. Yet, the centrifugal effect in microfluidic 

channels with rotating walls has not been investigated in detail.  

            Here, we show how controlling the centrifugal forces during the flow through a 

rotating capillary enables the continuous assembly and collection of infinitely long 

microropes. The assembly and collection of the microropes depends on the direction of the 

centrifugal force, which is determined by the density difference between the individual 

rope filaments and the surrounding fluid. The rope filaments in our work are composed of 

bicontinuous interfacially jammed emulsions gels (bijels) [8][89] formed via solvent 

transfer induced phase separation (STrIPS).[9][17][13][40] Interestingly, the density of 

these bijel fibers changes over the course of their formation due to a changing composition 

during the STrIPS process. The initially low density facilitates microrope assembly, but as 

the fiber density increases over time the centrifugal force results in collision of the 

microrope with the rotating capillary wall, damaging the assembled fibers. To understand 

this transition quantitatively, we introduce a model of the diffusion dynamics, predicting 

the density increase over time. The prediction of the model agrees well with the observed 

experimental behavior, confirming the centrifugal effect as the cause of the microrope/wall 

collision.  

4.2 Materials 

            Ludox TMA suspensions, CTAB (Bio Ultra > 99%), Butyl acrylate (BA), Diethyl 

phthalate (DEP), and Ethylene glycol dimethacrylate (EDMA) were purchased from 

Sigma-Aldrich and used as received. Pure Water, Ethanol and Methanol (200% proof > 99: 

5%) were used for all experiments.3.3 Preparation of Suspension solution. 
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4.3 Confocal Microscopy 

            Fluorescence dye (Nile red) is added to the fiber casting mixture to image the bijels 

under the confocal fluorescence microscope (IX-73 OLYMPUS connected to Thorlabs 

confocal scanner). The polymerized bijels are washed with ethanol before being soaked in 

diethyl phthalate (DEP) for refractive index matching. To observe the bicontinuity in 

fibers, they are illuminated with blue laser light (488 nm) and imaged using a confocal 

microscope. We also used Scanning Electron Microscope to image bijel ropes. 

4.4 Microfluidics 

            Microfluidic twisting involves the rotation of a cylindrical capillary (ID 0.8 mm) 

around its axis. The cylindrical capillary is coated with tridecafluoro-2-

(tridecafluorohexyl) decyl trichlorosilane and mounted in a polydimethoxysilane bearing, 

allowing it to freely rotate without water leakage (Figure 18).  

            The rotation is controlled with a DC motor, resulting in an angular velocity profile 

of water over the capillary radius (Figure 19). Simultaneously, water is pumped through 

the capillary by means of a syringe pump, generating an additional parabolic fluid velocity 

distribution in axial direction (Figure 20). 3-dimensionally, the two velocity profiles 

combine to helical streamlines in the capillary. The helical streamlines facilitate the 

twisting of four semisolid fibers into a continuous microrope.  

4.5 Ternary System 

            The fibers are generated by flowing a liquid mixture composed of butylacrylate 

(BA), water, methanol, silica nanoparticles and cetyltrimethylammonium bromide (Figure 

36) out of four (non-rotating) capillaries, coaxially aligned in the rotating outer capillary. 

Once the four separate streams enter the water stream, they transform into semisolid fibers 
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due to BA/water phase separation and gelation of the silica nanoparticles. The progress of 

phase separation and gelation becomes apparent by the increasing opacity of the fibers as 

they wind helically around each other. 

4.6 Ternary Phase Diagram and Critical Composition Determination 

            The ternary phase diagram for the mixture of BA, water and methanol is obtained 

by using turbidimetry test. In this experiment, we measured the weight of each component 

in the miscible solution of BA and methanol. Water is then added dropwise to the solution 

until it turns cloudy, and the weight of the water portion is calculated (Figure 36A).  

            The weight of each component are transformed to volume fractions and plotted in 

a ternary phase diagram (Figure 36B). The ternary plot of the volume fractions yields a 

curve known as the binodal curve (blue solid line in Figure 36B). We determined the 

critical point by approaching the transition from BA-in-water (oil/water) to a water-in-BA 

(water/oil) emulsions.  

            We determine this composition by adding the fluorescent dye Nile Red to 

immiscible ternary mixtures at different points next to the binodal line, Here, we used 

confocal microscope to identify the emulsion type. Nile red partitions to the oil phase and 

the fluorescence emission during confocal imaging helps to determine the type of emulsion. 

The critical point results with 𝜙𝐵𝐴 = 0.38, 𝜙𝑚𝑒𝑡ℎ𝑂𝐻 = 0.44 and 𝜙𝑤𝑎𝑡𝑒𝑟 = 0.18.  
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Figure 36 

Ternary Phase Diagram and Critical Composition 

 

Note. (A) Schematic representation of measuring weight fraction of BA, methanol and 

water. (B) Ternary phase diagram demonstrating binodal curve and critical point. (C) 

Schematic demonstration of Ludox TMA preparation in water. (D)  Schematic 

demonstration of Ludox TMA preparation in methanol. (E) Confocal micrographs pf the 

bijel fibers with various CTAB concentrations. The black domain represents water phase 

and the green domain represents the polymerized oil phase, scale bar 0.1 mm. 

 

4.7 Fiber Casting Mixture Preparation 

            To determine appropriate compositions of the fiber casting mixture, we also add 

nanoparticles at pH 3 and CTAB in the ternary mixture solution. In general, we prepare 

Ludox TMA dispersion in two different ways:  
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4.7.1 Ludox TMA Dispersion in Water 

            Ludox TMA dispersed in water at pH3 is concentrated from 34 wt.% to (40-50) 

wt.% by simply evaporating water content (Figure 36C). After centrifuging the concentrate 

to eliminate any aggregates created during the evaporation process, particle concentration 

and density are determined.  

4.7.2 Ludox TMA Dispersion in Methanol 

            Ludox TMA dispersed in water at pH 3 is dialyzed for 48 hours in methanol 

solution to replace water in the dispersion with methanol (Figure 36D). After dialysis the 

pH, the particle concentration, and density are measured.  

            Next, the fiber casting mixture is prepared with the obtained particle dispersion 

upon mixing it with stock solutions of CTAB in methanol, BA and water. In addition, we 

also add 2-Hydroxy-2-methyl-propiophenone (1 wt. % of BA) as the photo-initiator for 

polymerization, and Nile red dye for visualization under a confocal microscope. However, 

we investigated undulation behavior of fibers and ropes without adding photo-initiator and 

dye to the fiber casting mixture. Example compositions of the fiber casting mixture for 

three different CTAB concentrations are given in the tabular form in the Appendix C.  

4.8 Fiber Extrusion and Structure Optimization 

            We used a simple coaxially aligned microfluidic device to get bijel fibers. The 

device is fabricated by coaxially aligning a round-cross-section capillary (ID 50 μm, OD 

80 μm) inside a round-cross-section capillary (ID 300 μm and OD 400 μm) by means of a 

square-cross-section holder capillary (ID 100 μm, OD 200 μm). The generated fibers are 

polymerized under UV light source and the fibers are washed with ethanol. Then, these 
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fibers are soaked in DEP oil for refractive index matching and visualized under confocal 

microscope. The three composition chosen yielded bijel structures (Figure 36E). After 

analyzing the structure evolution with different CTAB concentration, we selected the 

composition formed with 60 mM CTAB for further investigation. 

4.9 Fiber Casting Mixture with Various Nanoparticle Weight Fractions 

            The optimized composition obtained by varying CTAB concentration in the fiber 

casting solution is selected for other experiments. We varied the nanoparticle concentration 

in the composition and obtained fiber casting mixture with various initial densities (see 

Appendix D). The final composition of five different fiber casting mixtures with their 

densities are presented in the tabular form in the Appendix E.  

4.10 Microfluidic Twisting and Fiber Assembly 

            Microfluidic twisting always results in the assembly of the fibers into microropes 

(Figure 37A). Our previous work has shown how the shear stresses in rotational and axial 

direction control the tightness of the resulting microropes.[67] However, two distinct 

behaviors during microrope assembly remain unexplained. When the fiber casting mixture 

contains a volume fraction below 𝜙𝑆𝑖𝑂2= 0.05 silica nanoparticles, the microrope travels 

for long distances in the center of the rotating capillary (Figure 37B-i). In contrast, when 

the fiber includes a nanoparticle fraction above 𝜙𝑆𝑖𝑂2 = 0.07, the microrope begins to 

undulate after a few millimeters axial travel length (Figure 37B-ii). What is the reason for 

this different behavior in dependence of the initial silica nanoparticle volume fraction? To 

answer this question, we will systematically investigate the fiber properties in the following 

and begin with a simplified experiment.  
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Figure 37 

Straight and Undulating Microropes 

 

Note. (A) Schematic depicting the generation of a microrope by flowing four fibers into a 

helical flow field obtained by the superposition of a pump driven axial flow and wall 

rotation driven drag flow. (B) Schematic and micrographs showing a straight and an 

undulating microrope at low and high nanoparticle volume fractions 𝜙𝑆𝑖𝑂2
 in the fiber 

casting mixture. 

 

4.11 Single Fiber Extrusion 

            The first clue to explain the behavior can be found when flowing a single fiber into 

a stagnant reservoir of water. The experiment utilizes a vertically oriented microfluidic 



 

71 
 

device in which one fiber is flown into a water stream (Figure 38A). The fiber travels along 

a straight path inside of the microfluidic device due to the shear stresses caused by the co-

flowing water.[39] As the fiber enters vertically into the stagnant water reservoir, it coils 

because of a mismatch between the fiber and the water velocity (Figure 38B&C). More 

importantly, instead of continuing to travel downwards, the fiber takes a turn and travels 

upward for several millimeters until it sinks down again (Figure 38C). This behavior shows 

that the density of the fiber changes along its traveling distance. Initially, buoyancy causes 

the fiber to rise because the density of the fiber is smaller than the density of the 

surrounding water. After some traveling length, the fiber density exceeds the water density 

and gravity pulls it down. This peculiar behavior changes as the initial silica nanoparticle 

volume fraction in the fibers is increased in steps from 𝜙𝑆𝑖𝑂2 = 0.051 to 0.085 ( see 

Appendix 2 and Appendix 3). The higher the initial silica volume fraction, the shorter is 

the ascending distance of the coiled fiber (Figure 38C). We will analyze next how the 

density evolution can be quantified for fibers with different 𝜙𝑆𝑖𝑂2.  

            During STrIPS, the solvent (methanol) with a density 𝜌𝑚𝑒𝑡ℎ𝑂𝐻 = 0.789 𝑔/𝑐𝑚3 

diffuses out of the fiber. In exchange, water with a density 𝜌𝑤𝑎𝑡𝑒𝑟 = 0.998 𝑔/𝑐𝑚3 diffuses 

into the fiber. This exchange of a lower density fluid by a higher density fluid results in an 

increase of the overall density of the fiber over time. The other major components in the 

fiber including BA (𝜌𝐵𝐴 = 0.894 𝑔/𝑐𝑚3) and silica nanoparticles (𝜌𝑆𝑖𝑂2 = 2.2 𝑔/𝑐𝑚3) 

remain in the fiber and their volumes do not change over time. With the volume fractions 

𝜙𝑖 of the respective components, the time dependent composite density of a bijel fiber can 

be approximated as follows. 

 



 

72 
 

Figure 38 

Density Change of the Fiber Over Time 

 

Note. (A) Schematic of bijel fiber extrusion in a device made of coaxially aligned glass 

capillaries. (B) Schematic of experimental setup to visualize the gravity driven movement 

of the fiber. (C) Photographs of the moving fiber as it coils in the water reservoir after 

emerging from the microfluidic device (scale bar 1mm). 

4.12 Composite Density of Fiber 

            During STrIPS, methanol diffusion alters the density of bijel fibers. To estimate the 

composite density of the fiber during the diffusion process, we consider the following 

assumptions. 

1.  The initial volume of the Butyl Acrylate (BA) added to the fiber stays in the fiber. Let 

𝜙𝐵𝐴(𝑡0) is the volume fraction of BA in the ternary mixture at the beginning. So, 

𝜙𝐵𝐴(𝑡0) =  𝜙𝐵𝐴(𝑡).     
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2. The initial volume of nanoparticles added to the fiber stays in the fiber. Let  𝜙𝑆𝑖𝑂2(𝑡0) 

is the volume fraction of nanoparticles in the ternary mixture at the beginning. So, 

𝜙𝑆𝑖𝑂2(𝑡0) =  𝜙𝑆𝑖𝑂2(𝑡). 

3. The initial volume of surfactant (𝐶16𝑇𝐴𝐵) added to the fiber stays in the fiber. Let  

𝜙𝐶16𝑇𝐴𝐵(𝑡0) is the volume fraction of 𝐶16𝑇𝐴𝐵 in the ternary mixture at the beginning. So, 

𝜙𝐶16𝑇𝐴𝐵(𝑡0) =  𝜙𝐶16𝑇𝐴𝐵(𝑡). 

4. The volume fraction of methanol diffusing out is replaced by water diffusing in the fiber. 

(Justification: the overall volume of the fiber remains constant, no change in diameter is 

observed). Let 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) and 𝜙𝑤𝑎𝑡𝑒𝑟 (𝑡0) are the volume fraction of the solvent and 

water phase in the fiber casting mixture at the beginning, 

so,  𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) + 𝜙𝑤𝑎𝑡𝑒𝑟 (𝑡0) = 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡) + 𝜙𝑤𝑎𝑡𝑒𝑟 (𝑡), 

i.e., 𝜙𝑤𝑎𝑡𝑒𝑟(𝑡) =  𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) + 𝜙𝑤𝑎𝑡𝑒𝑟 (𝑡0) − 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡).   

Combining the above definitions from 1 to 4 in terms of composite density, the density at 

the beginning is 

𝜌(𝑡0) = 𝜌𝑤𝑎𝑡𝑒𝑟𝜙𝑤𝑎𝑡𝑒𝑟(𝑡0) + 𝜌𝑚𝑒𝑡ℎ𝑂𝐻𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) + 𝜌𝐵𝐴𝜙𝐵𝐴(𝑡0) + 𝜌𝑆𝑖𝑂2𝜙𝑆𝑖𝑂2(𝑡0) +

+𝜌𝐶16𝑇𝐴𝐵𝜙𝐶16𝑇𝐴𝐵(𝑡0).  

In addition, the density after time “t” is 

𝜌(𝑡) = 𝜌𝑤𝑎𝑡𝑒𝑟𝜙𝑤𝑎𝑡𝑒𝑟(𝑡) + 𝜌𝑚𝑒𝑡ℎ𝑂𝐻𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡) + 𝜌𝐵𝐴𝜙𝐵𝐴(𝑡) + 𝜌𝑆𝑖𝑂2𝜙𝑆𝑖𝑂2(𝑡) +

+𝜌𝐶16𝑇𝐴𝐵𝜙𝐶16𝑇𝐴𝐵(𝑡). Where   𝜙𝑤𝑎𝑡𝑒𝑟(𝑡) = 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) + 𝜙𝑤𝑎𝑡𝑒𝑟 (𝑡0) − 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡), 

and rest of the terms remain constant.  
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Therefore, composite density of fiber as a function of time can be rearranged as: 

𝜌(𝑡) = 𝜌𝑤𝑎𝑡𝑒𝑟{𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) + 𝜙𝑤𝑎𝑡𝑒𝑟 (𝑡0) − 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡)} + 𝜌𝑚𝑒𝑡ℎ𝑂𝐻𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡) +

𝜌𝐵𝐴𝜙𝐵𝐴(𝑡0) + 𝜌𝑆𝑖𝑂2𝜙𝑆𝑖𝑂2(𝑡0) + +𝜌𝐶16𝑇𝐴𝐵𝜙𝐶16𝑇𝐴𝐵(𝑡0).  

All the terms in the equation can be measured experimentally except the volume fraction 

of methanol over time.  

4.13 Density Evolution Over Time – COMSOL Simulation 

            To obtain methanol concentration over time in the bijel fiber, we developed a 

simple model in COMSOL Multiphysics software. In this model, Fick's second law of 

diffusion is used to relate the change in concentration gradient of methanol over time 

through the following differential equation: 
𝜕𝐶𝑚𝑒𝑡ℎ𝑂𝐻

𝜕𝑡
= 𝐷𝑚𝑒𝑡ℎ𝑂𝐻

𝜕2𝐶𝑚𝑒𝑡ℎ𝑂𝐻

𝜕𝑟2 , where 

𝐷𝑚𝑒𝑡ℎ𝑂𝐻 is the diffusion coefficient. Here, we created a cylindrical geometry of 100 um 

diameter to describe the fiber during extrusion in a water channel of diameter 800 μm 

(Figure 39A).  At the beginning, the methanol concentration in the inner cylinder can be 

calculated by using the following formula: 

 𝐶(𝑡0) =
𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0)∙𝜌𝑚𝑒𝑡ℎ𝑂𝐻

𝑀𝑚𝑒𝑡ℎ𝑂𝐻
=

0.44×
790𝑘𝑔

𝑚3

0.032𝑘𝑔

𝑚𝑜𝑙

= 10849
𝑚𝑜𝑙

𝑚3 . However, the outer cylinder is 

filled with the water with net methanol concentration of  0
𝑚𝑜𝑙

𝑚3   (Figure 39B). Here, we 

further consider the following assumptions to study the transient diffusion model: 

(i) Concentration dependent diffusion coefficients: The concentration dependence of the 

diffusion coefficient 𝐷𝑚𝑒𝑡ℎ𝑂𝐻   for methanol in water can be found in the literature.[90] For 

the diffusion simulation, 𝐷𝑚𝑒𝑡ℎ𝑂𝐻 is calculated using linear interpolation algorithms 

between data points (Figure 39C) to solve the following diffusion equation: 
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𝜕𝑐𝑚𝑒𝑡ℎ𝑂𝐻 

𝜕𝑡
= 𝐷𝑚𝑒𝑡ℎ𝑂𝐻 (𝑐𝑚𝑒𝑡ℎ𝑂𝐻)

𝜕2𝑐𝑚𝑒𝑡ℎ𝑂𝐻

𝜕𝑟2
.  

 

Figure 39 

Solvent Concentration Over Time 

 

(ii) A thin diffusion barrier on the surface of the fiber to model the smaller bijel surface 

pores: The bijel fiber surface is normally covered with silica particles reducing porosity for 

the molecular diffusion. To account for this in the model, we assume over a thickness of 2 

μm below the fiber surface a diffusion coefficient of 𝐷𝑚𝑒𝑡ℎ𝑂𝐻 (𝑐𝑚𝑒𝑡ℎ𝑂𝐻)/3. 
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Note. (A) Mesh representing nodes for the numerical calculation of the concentrations used 

in the simulation. (B) Cutaway 3D drawing of the fiber segment at the beginning of the 

simulation (t = 0). (C) Diffusion coefficient for methanol in water dependence of the 

methanol concentration. (D) Radial concentration profile of methanol at different time 

intervals. (E) Methanol volume fraction (𝜙𝑚𝑒𝑡ℎ𝑂𝐻) over time computed by integrating the 

local concentration in 3D space in the fiber geometry. The inset is a 2D sample plot of the 

methanol concentration at time t = 1 sec. 

 

            In addition, the concentration gradients along the radial directions at different time 

intervals are studied. We observed  that within 1 second of the diffusion process more than 

half of the methanol diffuses out from the fiber into the water phase (Figure 39D).  We 

used the local  concentration of methanol in the radial direction to determine the volume 

fraction of the methanol in the fiber over time by performing the following integration: 

𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡) =
∫ ∫ ∫ 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑟,𝑡)∙𝑟𝑑𝑟∙𝑑𝜃∙𝑑𝑧

𝑅
0

2𝜋
0

𝐿
0

∫ ∫ ∫ 𝑟𝑑𝑟∙𝑑𝜃∙𝑑𝑧
𝑅
0

2𝜋
0

𝐿
0

=
𝑀𝑚𝑒𝑡ℎ𝑂𝐻

𝜌𝑚𝑒𝑡ℎ𝑂𝐻

∫ ∫ 𝐶𝑚𝑒𝑡ℎ𝑂𝐻(𝑟,𝑡)𝑟𝑑𝑟𝑑𝜃
𝑅
0

2𝜋
0

𝜋𝑅2 , with 

𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑟, 𝑡) the local volume fraction, 𝑟 the radial coordinate, 𝜃 the angular coordinate, 

𝑧 the axial coordinate, 𝑅 the outer radius of the fiber, 𝐿 the length of the analyzed fiber 

segment, and 𝐶𝑚𝑒𝑡ℎ𝑂𝐻(𝑟, 𝑡) the local methanol concentration. Here, we performed the 

integration in COMSOL and the obtained result 𝜑𝑚𝑒𝑡ℎ𝑂𝐻(𝑡) is plotted against the time in 

Figure 39E. 

            Snapshots from the simulation visualizing the time dependent methanol 

concentration are shown in Figure 40A. We assume that the volume of methanol diffusing 

out of the fiber is fully replaced by water diffusing in, since microscopy shows that the 
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volume (diameter) of the fiber stays constant along its travelling distance. This gives the 

expression 𝜙𝑤𝑎𝑡𝑒𝑟(𝑡0) + 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡0) = 𝜙𝑤𝑎𝑡𝑒𝑟(𝑡) + 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡), enabling the 

calculation of 𝜌(𝑡) with the simulation result for 𝜙𝑚𝑒𝑡ℎ𝑂𝐻(𝑡). Figure 40B plots the 

calculated density evolution for different 𝜙𝑆𝑖𝑂2. For fibers with 𝜙𝑆𝑖𝑂2 = 0.043, 0.051, 

0.060, 0.074 and 0.085 the initial densities calculate to 𝜌(𝑡0) = 0.911 g/cm3, 0.923 g/cm3, 

0.936 g/cm3, 0.952 g/cm3, and 0.966 g/cm3, respectively.  

 

Figure 40 

Density Estimation of Fibers Over Time 

 

Note. (A) 3D color plot and color legend showing the simulation result of the methanol 

concentration in and around the fiber over time scale bar 50 μm. (B) Calculated density 

evolutions of fibers with various initial silica volume fractions. 

 

            The simulation shows that the densities of the fibers increase asymptotically with 

time. Moreover, the simulation predicts that it takes shorter times for 𝜌(𝑡) to reach 

𝜌𝑤𝑎𝑡𝑒𝑟 = 0.998𝑔/𝑐𝑚3 when 𝜙𝑆𝑖𝑂2 increases (dashed horizontal line in Figure 40B). This 
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trend agrees with the shorter times of the buoyancy driven fiber ascend with increasing 

𝜙𝑆𝑖𝑂2 (Figure 38C). With this quantitative understanding, we can now analyze the effect 

of 𝜌(𝑡) on a single fiber during microfluidic twisting. 

 

Figure 41 

COMSOL Simulation Combining Diffusion and Convection 

 

Note. (A-i) 3D velocity plot in a channel with 800 μm diameter with a fiber of 100 μm 

diameter. (A-ii) Radial velocity profiles for different average water velocities 𝑢𝑎𝑣,𝑤𝑎𝑡𝑒𝑟 at 

constant fiber velocity 𝑢𝑓𝑖𝑏𝑒𝑟. (B-i) 3D concentration plot of methanol. (B-ii) Radial 

concentration of methanol for different fiber travelling distances (both B-i and B-ii for 

𝑢𝑎𝑣,𝑤𝑎𝑡𝑒𝑟

𝑢𝑓𝑖𝑏𝑒𝑟
= 1). (C-i) Methanol concertation in center of fiber against travel distance for 
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different 
𝑢𝑎𝑣,𝑤𝑎𝑡𝑒𝑟

𝑢𝑓𝑖𝑏𝑒𝑟
. (C-ii) Methanol concentration in center of fiber for different travel times 

(𝑡 = 𝐿 𝑢𝑓𝑖𝑏𝑒𝑟⁄ ). The red dashed curve shows the center methanol concentration from the 

diffusion simulation in Figure S6 without convection. 

 

            To show that in our experiments radial diffusion dominates over axial dispersion, 

we develop a steady state COMSOL simulation combining the transport of diluted species 

and the laminar flow modules. A 10 cm long cylindrical channel of 800 μm diameter 

contains a cylindrical fiber of 100 μm diameter. The fiber moves via plug flow through the 

center of the channel at a volumetric flow rate Q1, while water flows around the fiber at a 

volumetric flow Q2. Figure 41A-i shows a 3D surface plot of the velocity distribution. In 

the simulation we vary the water velocity around the fiber to probe the effect of convection 

on the diffusion process of methanol. Figure 41A-ii shows the three different water velocity 

profiles around the fiber, given as multitudes of the fiber velocity. 

            The fiber enters the flow region with a methanol concentration of 10849 mol/m3. 

The methanol has a constant diffusion coefficient of 1.3*10-9 m2/s both in the fiber and in 

the surrounding water. Figure 41B-i shows the 3D surface plot of the methanol 

concentration for 
𝑢𝑎𝑣,𝑤𝑎𝑡𝑒𝑟

𝑢𝑓𝑖𝑏𝑒𝑟
= 1. The methanol concentration gradually decreases along the 

axial travel length of the fiber due to diffusion into the surrounding water. Figure 41B-ii 

shows the corresponding radial methanol concentration profiles at different travel distances 

of the fiber. 

            In Figure 41C-i the methanol concentration in the center of the fiber is plotted 

against the travel distance for the three different water velocities. The graph shows that the 
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velocity of water around the fiber has an insignificant effect on the concentration evolution. 

We can convert fiber travel distance 𝐿 into fiber travel time 𝑡 by dividing 𝐿 by the fiber 

velocity 𝑢𝑓𝑖𝑏𝑒𝑟 (0.0337 m/s). With the fiber travel time 𝑡, we can compare the simulation 

considering convection to the simulation based on pure diffusion (Figure 39). Figure 41C-

ii shows the methanol concentration in the center of the fiber with convection (
𝑢𝑎𝑣,𝑤𝑎𝑡𝑒𝑟

𝑢𝑓𝑖𝑏𝑒𝑟
=

1, fiber travel time) and without convection (diffusion time) plotted against the time. The 

two curves are practically identical, confirming that radial diffusion dominates the 

methanol transport in comparison to axial dispersion. 

4.14 Single Helical Fiber Extrusion 

Figure 42 

 

Microfluidic Twisting of Single Fibers 

 

 

Note. (A) Schematic of a microfluidic device to flow a single helical fiber into a rotating 

channel. (B) Micrographs of helical bijel fibers with variable initial densities flowing 
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through the rotating channel at different axial travelling distances (given as fiber travelling 

times), scale bar 0.5 mm.     

 

        Figure 42A shows a schematic of flowing a fiber into a rotating capillary with water 

co-flowing from left to right. Regardless of the radial position of the extrusion nozzle, the 

helical fiber moves initially towards the center of the rotating channel. However, after 

characteristic travel distances, the fiber begins to undulate. We convert travel distance to 

travel time based on the measurement of the fiber speed as described next. 

4.15 Travel Time Estimation until Undulation 

Figure 43 

 

Travel Time Estimation 

Note. (A) A picture demonstrating how we estimated the helical diameter (d) and pitch 

length (p) of the twisted bijel fiber (top), and formula that was used to estimate the net arc 



 

82 
 

length (bottom). (B) A graph demonstrating variation of d and p with respect to 𝜌(𝑡0). (C) 

Experimentally measured straight length of the helical fiber until undulation against 𝜌(𝑡0). 

(D) Fiber velocity and net arc length against 𝜌(𝑡0). The net arc length (L) and fiber velocity 

(U) were used to estimate the net travel time before undulation. 

 

            We measured the straight travel distance of the helical fibers until the undulation 

begins. As depicted in Figure 43A the straight travel distance of the helical fibers can be 

converted into an arc length measuring the diameter (d) and pitch length (p) via the 

equation: net arc length (L) = √((𝜋𝑑)2 + 𝑝2 𝑁, where N is the number of pitch. The total 

number of pitch (N) can be estimated by dividing the straight travel length (S) by the pitch 

length (p). The variation of the helical diameter (d), pitch length (p) against the various 

initial density of the ternary mixture is shown in the Figure 43B.  

            Experimentally measured straight travel distance (S) of the fiber before undulation 

against 𝜌(𝑡0) is plotted in the Figure 43C. In addition, we estimated the velocity of the 

fiber by measuring the travel distance and corresponding time by tracking the irregularities 

on the fiber surface.  

            The fiber velocity (U) and estimated net arc length (L) with respect to the initial 

density of the ternary mixture are plotted in the Figure 43D. The net arc length (L) is 

divided by the fiber velocity (U) to estimate the travel time until undulation begins.  

            The micrograph table in Figure 41B shows that the travel time for a fiber (100μm 

diameter) to undulate depends on 𝜌(𝑡0). Fibers with 𝜌(𝑡0) = 0.950𝑔/𝑐𝑚3 and 𝜌(𝑡0) =

0.936𝑔/𝑐𝑚3 undulate after 0.23 sec and 1.14 sec, respectively. In contrast, the fiber with 
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𝜌(𝑡0) = 0.911𝑔/𝑐𝑚3 stays in the channel center and does not undulate over the entire 

length of the capillary (10 cm). 

 

4.16 Travel Time Comparison 

 Figure 44 

Travel Time Comparison 

 

Note. (A) Plot of the experimentally determined fiber travel time until undulation starts in 

dependence of the initial density of the fiber (green points). Error bars correspond to the 

standard deviation of 5 measurements. For comparison, the solid curve represents the time 

for the fiber density to reach the density of the surrounding water (from simulation). (B) 

Schematic drawing depicting the direction of centrifugal force for different fiber densities. 
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            We now compare the experimental travel time of the fiber before undulation starts 

with the calculated time for 𝜌(𝑡) to reach 𝜌𝑤𝑎𝑡𝑒𝑟. Figure 44A shows that the two times 

agree reasonably well, strongly suggesting that crossing the density of water triggers the 

undulation of the fiber in the channel. This can be understood by considering that the sign 

of the centrifugal force changes as the density difference 𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌(𝑡) becomes negative. 

The centrifugal force 𝐹𝑐 per volume V of fiber calculates to 𝐹𝑐 𝑉⁄ = (𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌(𝑡))𝜔2𝑅0 

with 𝑅0 the radial distance from the rotational axis, and 𝜔 the angular velocity (Figure 

44B).[26] When 𝐹𝑐 𝑉⁄  is positive, the fiber is pulled towards the center of the channel. On 

the other hand, when 𝐹𝑐 𝑉⁄  becomes negative, the fiber is pulled radially outwards and 

collides with the channel wall. Thus, the comparison of simulation with experiment 

explains that the fiber undulation in Figure 42B results from the change of the direction of 

the centrifugal force since the fiber density 𝜌(𝑡) exceeds the water density 𝜌𝑤𝑎𝑡𝑒𝑟. 

Moreover, the formula for 𝐹𝐶/𝑉 also explains why the helical radius of the fibers in Figure 

42B depends on 𝜌(𝑡0). For 𝜌(𝑡0) = 0.911 the value of (𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌(𝑡)) is larger than for 

𝜌(𝑡0) = 0.936. The helical radius is smaller, because the fiber is pulled more strongly 

towards the center.  
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4.17 Centrifugal Force Effect on Bijel Ropes 

Figure 45 

Undulation of Microropes with Variable Initial Densities of the Fibers at Constant Density 

of the Coflowing Water Phase 

 

Note. (A) Schematics of the syringes containing the fiber casting fluids with different 

volume fractions of silica nanoparticles, micrographs showing the corresponding 

microropes formed during microfluidic twisting. (B) Plot of the travel time until undulation 

starts against the initial fiber density 𝜌(𝑡0). All experiments are performed at the same 

pressure for the fiber casting fluid (𝑄𝑇 = 400 𝑘𝑃𝑎), flow rate for the water phase (𝑄𝑊 =

1 𝑚𝐿/𝑚𝑖𝑛) and rotational speed of the wall (𝑟𝑝𝑚 = 3000). 

 

            Does the centrifugal force have the same influence when multiple fibers are 

twisted? In the following, four fibers undergo microfluidic twisting, first with a variable 

initial fiber density 𝜌(𝑡0), then with a variable density of the co-flowing water. Figure 45A 

shows micrographs of microropes generated with three different fiber casting fluids of 

variable 𝜌(𝑡0) (realized by changing 𝜙𝑆𝑖𝑂2). The microrope made of the heaviest fibers 
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with 𝜌(𝑡0) = 0.966𝑔/𝑐𝑚3 undulates immediately, while the microrope with 𝜌(𝑡0) =

0.936𝑔/𝑐𝑚3 travels for 4.8 cm before undulation starts. In contrast, for a microrope with 

𝜌(𝑡0) = 0.911𝑔/𝑐𝑚3 no undulation is observed over a travel distance of 10 cm. The trend 

is plotted on the Figure 45B and supports the centrifugal effect as the driving force for 

undulation. The microropes with various water flow rates are shown in the Figure 46. 

            Next, we show that increasing the density of the co-flowing water (𝜌𝑤𝑎𝑡𝑒𝑟) also 

enables longer microrope traveling distances before undulation begins. This can be 

explained by considering that for larger values of 𝜌𝑤𝑎𝑡𝑒𝑟 the density difference 𝜌𝑤𝑎𝑡𝑒𝑟 −

𝜌(𝑡) stays positive for longer times during the increase of the fiber density 𝜌(𝑡). To elevate 

𝜌𝑤𝑎𝑡𝑒𝑟 above 0.998 g/cm3, we add variable volume fractions of silica nanoparticles (Ludox 

TMA) to the co-flowing water. 

            Figure 47A shows snapshots of microropes travelling through the rotating channel 

for values of 𝜌𝑤𝑎𝑡𝑒𝑟 ranging from 1.03 g/cm3 to 1.07 g/cm3 for a constant initial fiber 

density of 𝜌(𝑡0) = 0.966𝑔/𝑐𝑚3. A microrope formed with this high value of 𝜌(𝑡0) starts 

to undulate immediately in pure water of 0.998 g/cm3 (Figure 45A). However, with 

coflowing water of 𝜌𝑤𝑎𝑡𝑒𝑟 = 1.03𝑔/𝑐𝑚3, the microrope travels for 2.5 cm until undulation 

starts (Figure 47 B). Moreover, when 𝜌𝑤𝑎𝑡𝑒𝑟 is raised to 1.07𝑐𝑚3, the fiber remains in the 

center of the channel along the entire length (10 cm). The density calculation in Figure 40B 

shows that 𝜌(𝑡) never reaches 1.07𝑐𝑚3, thus 𝜌𝑤𝑎𝑡𝑒𝑟 − 𝜌(𝑡) will remain positive 

permanently and the direction of the centrifugal force always keeps the microrope in the 

center of the channel. 
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Figure 46 

Ropes with Various Water Flow Rates 

 

Note. (A) Micrographs representing the beginning segment of the bijel rope at different 

flow rate of the water phase: (i) 𝜌(𝑡0) = 0.911 𝑔/𝑐𝑚3 (ii) 𝜌(𝑡0) = 0.923 𝑔/𝑐𝑚3 (iii) 

𝜌(𝑡0) = 0.936 𝑔/𝑐𝑚3(iv) 𝜌(𝑡0) = 0.952 𝑔/𝑐𝑚3 (v) 𝜌(𝑡0) = 0.966 𝑔/𝑐𝑚3. (B) A graph-

representing diameter of the rope against 𝜌(𝑡0) at constant flow rate of the water phase. 

 

            Increasing 𝜌𝑤𝑎𝑡𝑒𝑟 also allows the formation of microropes with oil phases of higher 

densities. In all prior experiments butylacrylate (BA) was used as the oil with a comparably 

low density of 0.894 𝑔/𝑐𝑚3. The oil ethylene glycol dimethacrylate (EDMA) has a density 
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of 1.051 𝑔/𝑐𝑚3, resulting in a fiber casting fluid density of 𝜌(𝑡0) = 0.977𝑔/𝑐𝑚3. In a 

water phase of 𝜌𝑤𝑎𝑡𝑒𝑟 = 0.998𝑔/𝑐𝑚3a microrope made with EDMA undulates promptly. 

In contrast, the microrope remains perfectly centered in the channel with a continuous 

phase of 𝜌𝑤𝑎𝑡𝑒𝑟 = 1.05𝑔/𝑐𝑚3 (Figure 47C). 

 

Figure 47 

Undulation of Ropes with Various Density of the Continuous Phase 

 

 

Note. (A) Schematics of the syringes containing the water phase with variable amounts of 

added silica nanoparticles, micrographs showing the corresponding microropes (B) Plot of 

the travel time until undulation against the water phase density 𝜌𝑤𝑎𝑡𝑒𝑟.  (C) (i) Undulating 

rope with the fiber casting solution composed of EDMA, water and methanol at 𝜌(𝑡0) =

0.977 𝑔/𝑐𝑚3 and 𝜌𝑤𝑎𝑡𝑒𝑟 = 0.998 𝑔/𝑐𝑚3. (ii) Straight rope without undulation with the 

same ternary mixture (𝜌(𝑡0) = 0.977 𝑔/𝑐𝑚3) but at the increased density of the water 

phase (𝜌𝑤𝑎𝑡𝑒𝑟 = 1.05 𝑔/𝑐𝑚3). All experiments are performed at the same pressure for the 
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fiber casting fluid (𝑄𝑇 = 400 𝑘𝑃𝑎), flow rate for the water phase (𝑄𝑊 = 1 𝑚𝐿/𝑚𝑖𝑛) and 

rotational speed of the wall (𝑟𝑝𝑚 = 3000). 

 

            These findings confirm that the direction of the centrifugal force on the microropes 

determines whether or not undulation occurs. To continuously generate infinitely long 

straight microropes, the density of the fibers (𝜌(𝑡)) must be smaller than the density of the 

surrounding water (𝜌𝑤𝑎𝑡𝑒𝑟). 

4.18 Conclusions 

            In conclusion, the centrifugal effect on microropes generated by microfluidic 

twisting has been analyzed. The direction of the centrifugal force determines whether 

microropes undergo destructive wall collisions during microfluidic twisting. Due to a 

changing density of the microropes over time, they become heavier than the co-flowing 

water, causing the centrifugal force to pull them towards the rotating wall of the 

microfluidic twisting device. This can be avoided by decreasing the density of the fiber 

casting mixture, or upon increasing the density of the co-flowing water, enabling a 

controlled and continuous collection of uniform microropes (Chapter 5). We envision 

microfluidic twisting to enable the fabrication of new composite materials with 

applications in flexible electronics,[91] micro robotics,[92] actuators [93], and tissue 

engineering.[94] Furthermore, the knowledge gained from this work will facilitate future 

studies of microfiber twisting, as well as the assembly of particles, emulsion droplets or 

biological cells via microfluidic twisting. 
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Chapter 5 

High-Tensile, Strength Composite Bijels and Derived Materials 

           Some of the text and figures are reproduced and adapted with permission from the 

journal, Kharal, S.P., Hesketh, R.P., and Haase, M.F., “High-tensile strength, composite 

bijels through microfluidic twisting”, Advanced Functional Materials, 30, 2003555, 2020, 

reference [67]. 

5.1 Introduction 

            Multifunctional micro-fibers have piqued curiosity for decades due to their 

outstanding characteristics of large surface area, different mechanical properties, 

diversified topologies, and flexibility to be folded, braided, or twisted into 3D 

composites.[95][96][87] Twisting numerous fibers into higher order helices or ropes 

combines the properties of the individual fibers and presents a versatile reinforcement 

approach with a wide range of applications.[97] The primary importance of higher order 

helices is based on space-saving configurations, bending flexibility, and the formation of 

composite materials by incorporating materials with varying physical and chemical 

properties. In previous chapters, The microfluidic twisting method of bijel fibers into a 

rope by manipulating translation shear stress, rotation shear stress, and centrifugal force 

density has been discussed. In this chapter 5, we introduce a mechanism for collecting 

infinitely long straight microropes and investigate tensile strength of a composite bijels. 

Additionally, the bijel ropes are transformed into stimuli-responsive composite hydrogel 

ropes. 
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5.2 Materials 

            Ludox TMA suspensions, CTAB (Bio Ultra > 99%), Diethyl phthalate (DEP), 

tertiary Butyl Acrylate (t-BA), and Ethylene glycol dimethacrylate (EDMA) were 

purchased from Sigma-Aldrich and used as received. Pure Water and pure methanol 

(200% proof > 99: 5%) were used for all experiments. 

5.3 Preparation of Suspension Solution 

            The ternary liquid mixture comprises 6 components: (i) pure methanol (ii) a 

solution of 200 mM CTAB in ethanol (iii) Ludox TMA at pH 3 (iv) Ludox TMA particles 

in methanol at pH 3 (v) pure water and (vi) one of the oil component in each mixture (DEP, 

EDMA, t-BA) 

5.4 Rotating System Made of Metals 

            We used a Lego-based rotating system to twist bijel fibers, which were then 

visualized under a microscope equipped with a high-speed camera. To transfer the bijel 

ropes from the continuously rotating micro-capillary to the external collection vial, we 

devised a rotating system comprised of various metallic parts. 

           The majority of the metallic parts were purchased from McMaster and used exactly 

as received. The metallic tunnel and base plate for the microfluidic system, on the other 

hand, were designed in AutoCAD and fabricated in the machine shop. Figure 48 depicts 

the metallic base plate and tunnel in 2D and Figure 49 depicts the 3D view. Figure 50 

shows the different metallic parts as well as the assembled product. 

            In order to reduce the potential impacts on ropes from the rotating channel wall the 

distance between extrusion nozzles and collection vial should be minimized. To realize this 
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in the new rotating system made of metals, previous microfluidic system is modified. In 

the previous design, a round tube treated with tridecafluoro-2-(tridecafluorohexyl) decyl 

trichlorosilane is rotated with the help of PDMS mounting. This means the square tube 

holding PDMS is fixed in a glass slide and the inserted round tube rotates (Figure 18).  

 

Figure 48 

Autocad Drawing of Metallic Base Plate with Dimensions 

 

Note. (A) Top view. (B) Side view. (C) Front view. (E) AutoCAD drawing of a metallic 

tunnel with its dimensions: (i) Side view (ii) Top and bottom view. 
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Figure 49 

Autocad Drawing 3D View 

 

Note. AutoCAD drawing of metallic base plate (A) and the metallic tunnel in 3D view (B). 

 

Figure 50 

Figures Depicting Metallic Parts Needed to Build a Rotating System 
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Note. (A) The custom made metallic base plate. (B) Custom made metallic tunnel with its 

bottom view (i) and top view (ii). (C)  Metallic parts ordered from McMaster [(i) Metallic 

gear (ii) Low profile mounted shielded steel ball Bearing (iii) Socket head screw (iv) 

Washer (v) Screw nuts (vi) Clamping shaft collar]. (D) Metallic rotating system after 

assembling all parts at appropriate positions. (i) top view (ii) A picture representing a gear 

segment. (iii) Front view. 

 

            In the modified design, however, the situation is reversed. The distance between 

the extrusion nozzles and collection vial can be shortened significantly by keeping the 

round tube fixed and the square tube containing PDMS spinning. For the device 

manufacturing, a detailed explanation has already been provided in Chapter 3. However, 

the next section discusses how we coupled the glass capillaries together in the modified 

microfluidic design. 

            Figure 51A(i) and Figure 51B(i) show two different fluorocarbon-treated round-

cross-section capillary with similar OD of 1 mm but dissimilar ID of 0.45 mm and 0.55 

mm respectively. Each round tubes are inserted in a normal (untreated) square-cross-

section capillary of ID 1.05 mm and OD of 1.40 mm (Figure 51A(ii) and Figure 51B(ii)), 

as shown in the Figure 51A(iii) and Figure 51B(iii). Polydimethylsiloxane (PDMS) is next 

introduced in the region not occupied by the round and square capillaries Figure 51A(iv) 

Figure 51B(iv). The PDMS is cured for 20 minutes at 150 °C. Inside the PDMS bearing, 

the fluorocarbon-treated capillary can freely revolve on its axis. The extrusion capillary 

combinations are made as described in chapter 3. Here, we can use two capillary 

combinations as shown in the Figure 51A(v-vii) and Figure 51B(v-vii). The capillary 
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combinations are then inserted into the capillary combinations designed in Figure 51A(iv) 

and Figure 51B(iv). 

 

Figure 51 

Step-By-Step Illustrations for Making A Microfluidic Device 

 

Note. (A) Capillary combination to create rotational flow of water in the flow channel to 

generate 1-4 fibers. (B) Capillary combination to create rotational flow of water in the flow 
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channel to generate 1-7 fibers. (C)-(H) Addition of round, square and round capillary step 

by step to make the device compatible in the rotating system made of metal. 

 

            After assembling the capillaries with the PDMS and the extrusion capillary 

combination, a round capillary of ID 2 mm and OD 2.4 mm, square capillary of ID 1.05 

mm and OD 1.4 mm, and a round capillary of ID o.8 mm and OD 1 mm are connected 

from the right side as shown in the Figure 51C-H. The capillary combination is glued by 

using 5 minute epoxy and feeding chambers are added at the suitable location as introduced 

in the chapter 3. Figure 52A shows the final design of the microfluidic system and the 

rotating metallic parts. The gear connected with the device is attached to the external gear 

attached in a DC motor to activate rotation during the experiment. 

5.5 Continuous Fabrication of Bijel Ropes 

            Continuous collection of bundles is realized by submerging the outlet of the 

microfluidic device into a rotating water filled container. Figure 52B shows a schematic 

depiction and a photograph of the microrope collection in a rotating water bath. The 

microrope emerges from the rotating capillary of the microfluidic twisting device, which 

is submerged in the rotating water bath. The rotation of the water in the container drags the 

microrope into a horizontal orientation. The density difference between the microrope and 

the water determines now whether the microrope will sink or rise along a helical path in 

the rotating collection container. If the microrope has a lower density, it will float up to the 

air/water interface and after one container rotation destructively collide with the rotating 

capillary of the microfluidic twisting device.  
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            In contrast, if the microrope density is higher than the water density, it will sink 

down to the bottom of the container and heap up continuously as shown in the photograph 

of Figure 52C. However, this second preferred collection mechanism conflicts with the 

criterion necessary for the microrope to remain centered during microfluidic twisting, 

which requires the microrope to have a lower density than the surrounding water. 

 

Figure 52 

Continuous Collection of Microropes 

    

Note. (A) Final design of the microfluidic device attached in the rotating system. (B) 

Schematics depicting the collection of microropes in a water filled rotating cylinder. 

Photograph of microrope collection, scale bar 1 cm. (C) Micrographs of collected and 
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photopolymerized microropes, and a micrograph of the coil of polymerized rope is shown in 

(D). Thus, the density of the microrope must be lower than the water density while it is still 

in the microfluidic twisting device. But, as the microrope emerges into the collection 

container, the density must exceed the water density. This can be realized by keeping the 

length of the rotating capillary slightly shorter than the microrope travelling distance to 

reach 𝜌(𝑡) = 𝜌𝑤𝑎𝑡𝑒𝑟. Then, the microrope will not undulate in the microfluidic device, and 

as it emerges into the collection container sink down. We realize this successfully as shown 

in Figure 51C. A coil of microropes collected via this approach are shown in Figure 51D. 

 

5.6 Scanning Electron Microscopy (SEM)  

            We used Scanning Electron Microscope (SEM) (Phenom Pure Desktop SEM) to 

image bijel ropes. Dry samples are sputter-coated with gold particles before being imaged 

by scanning electron microscope. Solid fiber ropes can be obtained after polymerization 

by UV-light exposure on bijels with acrylic monomers as the oil phase (e.g. 

butanedioldiacrylate). Figure 53 shows the SEM images of straight and contorted ropes.   

            Up to 7 fibers can be twisted into a single bundle with the capillary combinations 

employed here. To this end, a desired number of extrusion capillaries (50 µm nozzle 

diameter) are positioned within the outer tube (0.8 mm inner diameter). Figure 54A 

illustrates the nozzle configuration and twisting process of bundles made with 3, 4, 5 and 

7 fibers. Scanning electron microscopy shows the bundle geometry and the asymmetric 

internal fiber structure (Figure 54C).  
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            The nozzle positioning controls the bundle organization. With 3 and 4 nozzles, 

extrusion takes place at the same radial position. As a result, the fibers twist uniformly 

around each other. However, for 5 and 7 nozzles the fibers are twisted around one central 

fiber as illustrated in Figure 54A. A collection of longer segment of bijel ropes with various 

number of fiber strands is shown in the Figure 55. 
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Figure 53 

Scanning Electron Microscopy (SEM) Imaging 

 

Note. (A) Straight ropes when the ropes stays at the center of the channel during experiment 

(B) Contorted ropes because of the undulation during experiment. 
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Figure 54 

Fabrication of Ropes with Variable Number of Fibers and SEM Images 

       

Note. (A) Left: Schematics showing radial positions for different numbers of extrusion 

nozzles. Middle: Corresponding micrographs of bundles with 3, 4, 5, and 7 fibers at 3000 

rpm and 0.8 ml/min water flow rate (scale bar: 0.5 mm). Right: 3-dimensional schematics 

of cross-sectional and side views of fiber bundles with 3, 4, 5, 𝑎𝑛𝑑 7  fibers. (B) 

Photograph of a bundle exiting the microfluidic device into a rotating water filled vial 

(scale bar: 1 cm). (D) Scanning electron microscopy, (i): Side views of bundles with 2, 3, 

and 4 fibers (scale bar: 0.1 mm). (ii): Cross sectional view of a bundle (scale bar: 0.05 mm). 
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Figure 55 

Micrographs of the Various Kind of Collected Ropes in Larger View 

 

Note. (B) 2, 3 and 4 fibers rope with their nozzle orientation in the left, a longer view of 

the correspond rope at the middle and ropes with various helix angle and diameters are 

shown on the right. Scale bar 0.5 mm. 

 

5.7 Confocal Microscopy 

            Fluorescence dye (Nile red) is added to the fiber casting mixture to image the bijels 

under the confocal fluorescence microscope (IX-73 OLYMPUS connected to Thorlabs 
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confocal scanner). The polymerized bijel ropes are washed with ethanol before being 

soaked in diethyl phthalate (DEP) for refractive index matching. To observe the 

bicontinuity in fibers, they are illuminated with blue laser light (488 nm) and imaged using 

a confocal microscope. Figure 56 shows the confocal images of various kind of bijel ropes. 

It further proves that the bijel structure remains preserved during microfluidic twisting 

production. 

 

Figure 56 

Confocal Images of Bijel Microropes 
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Note. (A) Micrograph representing collection of two fibers ropes. (B) Micrographs 

representing different lateral planes of the ropes from bottom to equatorial plane (i-vi). (C-

D) Micrographs representing a longer segment of 2, 3 and 4 fibers ropes. Scale bar 50 μm. 

 

5.8 Composite Bijels 

            Feeding the extrusion nozzles with separate liquid casting mixtures enables the 

formation of composite bijel fiber bundles. This is realized by making some of the fiber 

extrusion nozzles longer than others, and fiber casting mixtures of various kinds are feeded 

through the extrusion nozzles separately. We demonstrate this by introducing two 

fluorescent dyes (Nile Red and Coumarin 6) into different bijel casting mixtures. The 

polymerized bundles made of fiber strands containing different dyes are visualized with a 

confocal laser scanning microscope operated in dual channel mode (channel 1: 500-550nm, 

channel 2: >630nm) (Figure 57). 2 and 4 fibers rope along with their capillary organization 

is shown in the Figure 58.  

  



 

105 
 

Figure 57 

Absorption (Left) and Fluorescence (Right) Spectra of Nile Red and Coumarin 6 

 

 

            Figure 58A shows how we carried out experiments to fabricate composite bijel 

ropes from 2 and 4 fiber strands. Figure 58B-C shows confocal laser scanning micrographs 

of composite bijel fiber bundles. As discussed earlier, bundles formed with 2, 3, and 4 

extrusion nozzles contain exclusively twisted fibers. In contrast, with 5 extrusion nozzles 

the central fiber remains untwisted. This unique architecture enables the formation of high-

tensile strength bijel fiber ropes by selective polymerization. 
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Figure 58 

Microfluidic Device Design to Fabricate Composite Bijel Ropes (2 And 4 Fibers) 

Note. (B) Composite ropes formed by feeding one ternary mixture via 3 extrusion 

capillaries (green) and another kind of ternary mixture via another capillary (pink): (i) 

nozzle organization (ii) capillary combination (iii) composite rope. (C) Composite ropes 

formed by feeding one ternary mixture via 1 extrusion capillaries (green) and another kind 

of ternary mixture via another capillary (pink). Rest of the two capillaries are closed by 

using Norland 81 adhesive glue. (i) nozzle organization (ii) capillary combination (iii) 

composite rope. 
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5.9 Selective Polymerization and Tensile Strength Measurements 

Figure 59 

Microfluidic Device Design to Fabricate Composite Bijel Ropes (5 Fibers) 

 

Note. (A) Microfluidic device design to fabricate composite bijel ropes of 5 fiber strands. 

(B) (i) Nozzle organization (ii) Capillary combination (iii) Micrograph representing 5 

fibers ropes during extrusion captured by using high speed camera. (iv) Confocal image of 

5 fibers rope with 4 liquid fibers around central polymeric fiber strand. 

 

            A bijel rope made of 5 fiber strands can be fabricated by blocking two extrusion 

nozzles in the 7-fiber capillary combination (Figure 59A). In this capillary combination the 

central fiber remains straight while outer 4 fibers twist around the central fiber. The 
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capillary nozzle organization, capillary combination, a micrograph of the ropes during 

extrusion and confocal image of the ropes after collection is shown in the Figure 59B. 

            Selective polymerization is carried out while twisting 4 fibers made of 

diethylphthalate around a central fiber containing monomer and photoinitiator (ethylene 

glycol dimethacrylate and 2-hydroxy-2-methylpropiophenone). UV-light irradiation 

polymerizes only the central fiber, while the 4 twisted fibers remain liquid (Figure 59B-

iv). Unlike unpolymerized bundles, the polymer/liquid fiber composite can be picked up 

with tweezers without breaking. We mount this composite in a tensile tester and record the 

stress vs. strain curve. The bundles with a cross section 𝐴 and an original length 𝐿0 are 

elongated by ∆𝐿 via an applied force 𝐹. The strain 𝜀 = ∆𝐿/𝐿0 and the stress 𝜎 = 𝐹/𝐴 are 

then calculated. The original stress-strain curves are non-linear due to straightening of the 

curved bundle during the experiment (Figure 60A). However, after straightening, the 

bundles elongate linearly. The linear parts of 3 averaged and rescaled stress-extension 

measurements are shown in Figure 60C. An average tensile strength of 20 ± 3.1 MPa is 

found, which is roughly 4000 times higher than that of the liquid bijel [39] fibers. The slope 

of the linear stress/strain trend gives the elastic modulus 𝐸. The average elastic modulus 

amounts to 1.1 ± 0.4 GPa, reflecting the stiff nature of the highly cross-linked poly(ethylene 

glycol). 

            While the unpolymerized liquid twisted fibers remain fragile, the polymerized 

central fiber acts as a backbone for the unpolymerized twisted fibers. Our tensile strength 

measurement captures only the mechanical strength of the central fiber since the 

contribution of the twisted fibers to the tensile strength is negligible. Measuring the stress-

extension of a single polymerized fiber shows the same magnitude of tensile strength as 
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the composite bundle (13 ± 3 MPa, Figure 61F). The slightly lower tensile strength of the 

individual fiber is related to differences in the initial ternary mixture used for fiber 

extrusion, resulting in a lower connectivity of the polymerized domains within the internal 

structure of the fiber (Figure 61 F). 

 

Figure 60 

Stress vs. Strain Curve of Ropes (Linear Section) 

 

Note. (A) (i) A diagram depicting how composite rope straightens under load (left), and a 

sample prepared for tensile strength testing  (right). (ii) An example of a stress-strain curve 

measurement obtained from the experiment. (B) Linear part of the elongation. (C) The 

linear sections of three separate measurements are displayed (i), as well as the averaged 

and rescaled stress-strain curves for those measurements (ii). 
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Figure 61 

Selective Polymerization  

    

Note. (A) A collection of composite ropes with variable number of fiber strands. (B) A 

larger view of a five-fiber rope, showing the center polymerized fiber strand (magenta) and 

the surrounding four liquid fibers weaving around it (green). (C) Diagrams illustrating 

selective polymerization of the center fiber in a five-fiber bundle. (D) Tensile strength of a 

rope containing one polymerized center fiber and four unpolymerized twisted fibers. (E) 

Single polymerized bijel fiber and tensile strength measurement (5 different samples). (F) 

Stress-strain variation during deformation as a result of applied load, only reflecting the 

linear segment, as described in Figure 60.    
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             During mechanically demanding applications of the composite bijel fiber bundle, 

the polymerized central fiber will uptake the main load, with minimal mechanical stress 

and deformation of the 4 twisted liquid bijel fibers. This configuration is advantageous, 

because it allows to exploit the liquid like properties of the unpolymerized bijel fibers with 

potentials in fluid transport and biphasic catalysis, while simultaneously providing the high 

mechanical strengths of a polymeric material.  

           Our experimental work includes the mechanical tests for a bundle with one centered 

polymerized fiber and 4 twisted fibers at a constant angle of 42 degrees. Since the central 

fiber provides the main mechanical support, changing α or the number of unpolymerized 

fibers does not significantly affect the tensile strength. The diameter of the central 

polymerized fiber will change the absolute force needed for breaking, but not the cross-

sectional area normalized tensile strength. The main control parameter to change the tensile 

strength is the composition of the ternary mixture used to generate the central polymerized 

fiber. The ternary composition affects the interconnectivity of the polymerized domains 

within the central fiber. However, more experimental research is needed to understand the 

mechanical properties of the composite bundles in dependence of the ternary mixture 

composition. 

5.10 Bijel-Derived Hydrogels 

            A hydrogel is a three-dimensional network of hydrophilic polymers that can swell 

in water and hold a large amount of water while retaining their structure due to chemical 

or physical cross linking of individual polymer chains.[98] For a material to be classified 

as a hydrogel, water must account for at least 10% of its total weight (or volume). Because 

of their high water content, hydrogels have a high degree of flexibility. The presence of 
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hydrophilic groups such as -COOH, -OH, -CONH, and others contribute to the network's 

hydrophilicity. 

            In response to certain physical and chemical stimuli, hydrogels undergo a 

significant volume phase transition or gel-solution phase transition. Temperature, electric 

and magnetic fields, solvent composition, light intensity, and pressure are examples of 

physical stimuli, whereas pH, ions, and specific chemical compositions are examples of 

chemical or biochemical stimuli.[99][100][101] However, in the vast majority of cases, 

such conformational transitions are reversible. As a result, the hydrogels can return to their 

original state. The nature of the monomer, charge density, pendant chains, and degree of 

cross linkage all influence the response of hydrogels to external stimuli. The magnitude of 

response is also directly proportional to the applied external stimulus. 

            Any pH sensitive polymer contains acidic (e.g., carboxylic and sulfonic acids) or 

basic (e.g., ammonium salts) groups that respond to pH changes in their environment by 

gaining or losing protons. Poly electrolytes are polymers with a high concentration of 

ionizable groups. Anionic poly electrolytes, such as poly (acrylic acid) (PAA), are 

deprotonated in a basic environment, causing electrostatic repulsions between the chains 

to increase dramatically, allowing water molecules to penetrate and causing the hydro-gel 

to swell dramatically. In an acidic environment, however, the acidic polymer protonates, 

resulting in a decrease in charge density and polymer volume collapse.[102] 

            Cationic poly electrolytes, on the other hand, such as poly (N, N9-

diethylaminoethyl methacrylate), become ionized and swell in acidic pH. Because amphilic 

hydrogels contain both acidic and basic moieties, they have two phase transitions in both 

acidic and basic environments, rather than just one in neutral media. 
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            Twisted soft material fibers have recently attracted interest in the field of 

mechanosensitive materials such as soft robots, actuators, wearable electronic devices, and 

so on. Is it possible to use composite bijels as mechanosensitive materials? It has already 

been demonstrated that pH responsive poly (acrylic acid) (PAA) hydrogel fibers can be 

derived from bijels composed of HDA cross-linked poly (tertiary butyl acrylate).[103] In 

a basic solution with higher flexibility, these bijel-derived hydro-gel fibers swell 

dramatically. These stimuli responsive fibers were predicted to be a promising candidate 

for use as smart fibers that open/close their surface pores in the presence of different pH 

values. 

            However, the swelling behavior of such hydrogels in response to varying amounts 

of cross linker has yet to be realized. The understanding behind the  swelling behavior of 

these bijel-based hydrogel fibers based on cross-linker concentration variation could be 

important step in the application towards mechanosensitive materials. Furthermore, the 

mechanical response of hydrogels derived from various bijel structures such as fibers, 

hollow fibers, helices, and ropes with varying cross linker concentration can have different 

applications in soft robotics. For example, if a single hydrogel-helix made of bijels exhibits 

shrinking and expanding behavior at low and high pH environments, it may be used to 

create a pH responsive mechanical spring. 

             To address this curiosity, we conducted a systematic study of the mechanical 

behavior of hydrogel ropes derived via the bijel route. This task is completed by selecting 

a suitable ternary mixture combination in which the fibers generated will be able to 

transform into hydrogels after post-processing. 
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5.11 Ternary Composition of t-BA, Water and Methanol 

 Figure 62 

Ternary Phase Diagram: Tertiary Butyl Acrylate, Water and Methanol System 

 

Note. (A) Ternary phase diagram demonstrating binodal curve and critical point. (B) 

Confocal micrographs of the bijel fibers with various CTAB concentrations. The black 

domain represents water phase and the green domain represents the polymerized oil phase, 

scale bar 50 μm. 

 

            We used the same method described in chapter 4 to determine the ternary 

composition of t-BA, water, and methanol. The binodal curve is obtained from turbidimetry 

measurements, and the critical composition is determined by observing the emulsion 

transition. By examining the transition from tBA-in-water (oil/water) to water-in-tBA 

(water/oil) emulsions, we were able to identify the critical point. We determined this 
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composition by using a confocal microscope to detect the emulsion type by adding the 

fluorescent dye Nile Red to immiscible ternary mixes at different points near to the binodal 

line. The fluorescence emission during confocal imaging helps determine the kind of 

emulsion since Nile red partitions to the oil phase. The critical point results with 𝜙𝑡𝐵𝐴 =

0.40, 𝜙𝑚𝑒𝑡ℎ𝑂𝐻 = 0.43 and 𝜙𝑤𝑎𝑡𝑒𝑟 = 0.17 (Figure 62A). 

            The critical composition is used to make fibers with different CTAB concentrations 

by using a simple microfluidic device. The composition that produces the best bijel 

structure is chosen for further investigations. Micrographs representing bijel structures at 

various CTAB concentrations is shown in the Figure 62B. 

5.12 Fibers with Various Cross-linker Conc. in the Fiber Casting Mixture  

 

Figure 63 

SEM and Confocal Images of t-BA Fibers 

 

Note. (A) SEM micrographs representing the cross-section of the fiber at different cross 

linker concentration in the fiber casting mixture. (B) Confocal image of the fiber 
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representing the equatorial plane of the fiber at different cross-linker concentration in the 

fiber casting mixture. Scale bar 50 μm. 

 

            In the ternary mixture, we use poly (tert-butyl acrylate) as an oil phase and a small 

amount of ethylene glycol dimethacrylate (EDMA) as a cross-linking agent in poly (tert-

butyl acrylate) (tert-butylacrylate). We varied the cross-linker concentration from less than 

1% to 30%, and their bijel structures were investigated (Figure 63). The polymerized fibers 

are then subjected to hydrolysis procedures in order to be converted into polyacrylic acid 

(PAA) hydrogels.  

5.13 Hydrolysis Scheme 

            The hydrolysis scheme is shown in Figure 64A. For 12 hours, the polymerized 

fibers are immersed in a mixture of 20% formic acid and trifluoroacetic acid. The acid 

mixture is replaced three times with ethanol and then with water. The fiber swelling 

behavior is then studied by varying the pH of the surrounding environment around the 

fibers.   

            In a basic solution, these bijel derived hydrogel fibers swell dramatically (Figure 

64B). When the pH of the buffer solution is reduced, fibers regain their previous shape and 

size. At a crosslinker concentration of 1 wt. % and below, the diameter of the bundles 

increases by about two times, and it reduces approximately exponentially as the cross-

linker concentrations increase (Figure 64C). Interestingly, we observed that the length of 

the fiber also increases dramatically at high pH. Our observation shows that the fiber 

swells in the longitudinal and lateral directions with the same aspect ratio. Why the fibers 
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deform in the similar ratio in longitudinal and lateral direction? We believe the reason 

could be the bicontinuous porosity in the fibers, or due to the cross-linker chain evolution 

within the bijel, but it is too early to answer this question which requires more experimental 

results. 

 

Figure 64 

Hydrolysis Scheme 

 

Note. (A) Scheme to fabricate pH-responsive poly (acrylic acid) hydrogel by hydrolysis of 

bijels composed of EDMA cross-linked poly (tert-butyl acrylate). (B) Micrographs (bright 

field) representing bijel fibers at pH4 and pH 10, scale bar 100 μm. (C) A graph 

representing percentage change in volume during swelling in the basic solution (pH 10) 

against the cross linker concentration in the fiber casting mixture. (D) Micrographs 

representing multiple fibers at different pH environment. 
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5.14 Bijel Derived Hydrogel Ropes 

            We used 4 fibers capillary combination to extrude bijel ropes with twisted fiber 

strands from 2 to 4. The bijel ropes are collected continuously by controlling the shear 

stresses (chapter 3) and the centrifugal force effect (chapter 4). After UV induced 

polymerization, we hydrolyze the EDMA cross-linked poly (tert-butylacrylate) ropes in a 

mixture of trifluoroacetic acid and formic acid to create the EDMA cross-linked 

poly(acrylic acid) hydrogel ropes. The swelling and shrinking behavior of these ropes are 

then investigated (Figure 65). 

 

Figure 65 

Bijel Derived Hydrogel Ropes 

 

Note.  (A) 2 and 4 fibers ropes with various helix angle at various pH, pH4 (left) and at pH 

10 (right), scale bar 0.2 mm. (B) Schematic illustration how we measured pitch length and 
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diameter for the estimation of helix angle. (C) Helix angle of the ropes at pH 10 against at 

pH4.  

 

             In a basic solution, these ropes swell dramatically in the same way that a single 

fiber does. They also return to their original shape and size when the pH of the environment 

is restored to its original level. They show transient kinetics during swelling and shrinking 

due to water intake during swelling and water uptake during shrinking, but we couldn't 

identify any chirality during deformation. We also calculated the helix angle for each rope 

at low and high pH levels and discovered the same value (Figure 65C). The aspect ratio of 

deformation remains constant in both the longitudinal and lateral directions. This 

demonstrates that the rope's identity is preserved regardless of the environment. By feeding 

ternary solutions including various cross-linker concentrations and active ingredients, this 

method can be used to produce composite hydrogel ropes in future.  

5.15 Conclusion 

            Based on the understanding of shear stresses and centrifugal force effect, we 

successfully demonstrated the collection of long microropes without destructive wall 

collision. The confocal imaging and Scanning electron microscopy imaging shows that the 

bijel structures during twisting remains preserved. In addition, combining multiple bijel 

fibers of different compositions enables the introduction of polymeric support fibers to 

raise the tensile strength to tens of megapascals, while simultaneously preserving the liquid 

like properties of the bijel fibers for transport applications. Moreover, we fabricated stimuli 

responsive hydrogels derived from bijel routes and studied the deformation behavior at 

different pH environment. 
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Chapter 6 

Conclusions and Future Directions 

            In this thesis, we studied a new direction in the field of microfluidics, which we call 

helical microfluidics because it arises from continuous rotational and translational flow of 

fluids. We advanced our understanding of the helical flow field by quantifying three 

fundamental physical quantities involved: translation shear stress, rotation shear stress, and 

centrifugal force effect. Controlling the effect of shear stress allows us to control the 

geometrical features of the suspended objects, while estimating the centrifugal force effect 

within the fluids allows us to manipulate the location of the suspended objects. In addition, 

helical flow of fluids can be used to develop composite materials by incorporating the 

fluids with the device geometry.  

            We believe that composite ropes fabricated by employing helical microfluidics can 

be transferred into adaptive smart materials by coupling their internal and external 

environment. We have demonstrated continuous production of microscopic ropes, which 

have potential applications as composite materials in catalysis, tissue engineering, soft 

robotics, and additive manufacturing. In the future, conductive polymer ropes could be 

developed to make mechanosensitive micro machines in the presence of external 

electromagnetic field. We have successfully demonstrated helical microfluidics for fiber 

twisting, centrifugal assembly of fibers and fabricating new composite materials. We think 

that by incorporating helical microfluidics and fluid properties, we can use it for mixing 

and separation process. 
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            Moreover, the knowledge gained from this work can be applied on other researches 

beyond bijel fiber assemblies. We have demonstrated three distinct direction of helical 

microfluidics to be used for twisting, assembly, and composite material synthesis. Another 

potential application of helical microfluidics can be mixing and separation of colloidal 

fluids depending on their inherent characteristics. With these advantages, we believe that 

helical microfluidics can become a new unit operation in microfluidics, advancing high-

throughput screening, lab-on-a-chip diagnostics, biochemical assays, and material 

synthesis. The outlook of this dissertation based on our experimental results is presented 

in the chart below. 

 

Figure 66 

Outlook of the Dissertation Illustrating the Applications of Helical Microfluidics 
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Note. (i) Twisting of soft materials (ii) Centrifugal assembly of particles and fibers (iii) 

Material synthesis (iv) Mixing and separation of colloidal fluids.  
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Appendix A 

 Velocity and Shear Stress Profile along Rotation Direction 

      The equation of motion in cylindrical direction along rotation (𝜃) direction is 

𝑑

𝑑𝑟
[
1

𝑟
 (

𝑑(𝑟𝑣𝜃𝑟)

𝑑𝑟
)] .                                                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10 

Integrating twice the Equation 10 we get, 

 

𝑣𝜃(𝑟) = 𝐶1𝑟 +
𝐶2

𝑟
.                                                                                                   𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 11 

 

Boundary conditions: 

 

                                  (𝑖) 𝑣𝜃(𝑟) = 𝜔1𝑅1 𝑎𝑡 𝑟 = 𝑅1 

 

                                  (𝑖𝑖) 𝑣𝜃(𝑟) = 𝜔2𝑅2 𝑎𝑡 𝑟 = 𝑅2 

 

Using the boundary conditions in the Equation 11, we get 

 

𝐶1 =
𝜔1(𝑅2

2 − 𝑅1
2) − (𝜔1 − 𝜔2)𝑅2

2

𝑅2
2 − 𝑅1

2 .                                                                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 12 

 

And, 

 

𝐶2 =
𝑅2

2𝑅1
2(𝜔1 − 𝜔2)

𝑅2
2 − 𝑅1

2 .                                                                                             𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 13 

 

Substituting the values of 𝐶1 and 𝐶2 in the Equation 11, we get 

 

𝑣𝜃(𝑟) =  
𝜔1(𝑅2

2 − 𝑅1
2) − (𝜔1 − 𝜔2)𝑅2

2

𝑅2
2 − 𝑅1

2  𝑟 +
𝑅2

2𝑅1
2(𝜔1 − 𝜔2)

𝑅2
2 − 𝑅1

2

1

𝑟
.                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 14 

 

Finally, the Equation 14, after some algebraic simplification, takes the form 

 

 

𝑣𝜃(𝑟) =
𝑅2

2

𝑅2
2 − 𝑅1

2 [𝑟 (𝜔2 −
𝜔1𝑅1

2

𝑅2
2 ) −

𝑅1
2(𝜔2 − 𝜔1)

𝑟
] .                                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 15 

 

The Equation 15 gives the velocity profile along the 𝜃 direction as a function of radius 

vector r. 
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Also, 

𝑑

𝑑𝑟
(
𝑣𝜃(𝑟)

𝑟
) = −

2𝑅1
2𝑅2

2(𝜔2 − 𝜔1)

𝑅2
2 − 𝑅1

2

1

𝑟3
.                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 16 

 

The shear stress along 𝜃 direction in a cylindrical coordinate system is  

 

 

𝜏𝑟𝜃 = 𝜏𝜃𝑟 = −𝜇 [𝑟 (
𝜕(

𝑣𝜃(𝑟)

𝑟
)

𝜕𝑟
) +

1

𝑟

𝜕𝑣𝜃

𝜕𝜃
(𝑟)] = −𝜇𝑟
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𝑣𝜃(𝑟)

𝑟
)

𝜕𝑟
= −𝜇𝑟

𝑑(
𝑣𝜃(𝑟)

𝑟
)

𝑑𝑟
.     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 17  

 

Substituting the value of  
𝑑

𝑑𝑟
(
𝑣𝜃(𝑟)

𝑟
) from the Equation 16 to the Equation 17, we get 

 

𝜏𝑟𝜃|𝑅1
= 𝜏𝜃𝑟|𝑅1

= (
2𝜇𝑅1

2𝑅2
2(𝜔2 − 𝜔1)

𝑅2
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2 )
1

𝑟2
.                                                       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 18  

 

The Equation 9 gives the twisting shear stress profile along the rotation (𝜃) direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

134 
 

Appendix B 

 Velocity and Shear Stress Profile along Translation Direction 

      The equation of motion in cylindrical direction along translation (𝑍) direction is 

1

𝜇

𝑑𝑝

𝑑𝑧
=

1

𝑟

𝑑

𝑑𝑟
(𝑟
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𝑑𝑟
) .                                                                                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 19  

Integrating twice the Equation 19 we get, 

 

𝑣𝑧(𝑟) =
𝑟2

4𝜇

𝑑𝑝

𝑑𝑧
+ 𝐶3𝑙𝑛𝑟 + 𝐶4.                                                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 20  

Boundary conditions: 

 

                                  (𝑖) 𝑣𝑍(𝑟) = 𝑈 𝑎𝑡 𝑟 = 𝑅1 

 

                                  (𝑖𝑖) 𝑣𝑍(𝑟) = 0 𝑎𝑡 𝑟 = 𝑅2 

 

Using the boundary conditions in the Equation 20, we get 

 

𝐶3 = [−𝑈 −
𝑑𝑝

𝑑𝑍
 (

𝑅2
2 − 𝑅1

2

4𝜇
)] 

1

ln (
𝑅2
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)
.                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 21  

And, 

 

𝐶4 = −
𝑑𝑝

𝑑𝑍

𝑅2
2

4𝜇
− 𝐶3𝑙𝑛𝑅2.                                                                                        𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 22 

 

Now, substituting the values of 𝐶3 and 𝐶4 from the Equations 21 and 22 in the Equation 

20, we get 

𝑉𝑍(𝑟) =  −
𝑑𝑝
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](
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)
) .                      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 23 

The Equation 23 gives the velocity profile along the translation (Z) direction. 
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Using the velocity profile, the flow rate can be expressed as (with 𝜃 the angular coordinate) 

𝑄𝑊 = ∫ 𝑑𝜃
2𝜋

0

 ∫ 𝑉𝑍(𝑟) 𝑟𝑑𝑟.                                                                            𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 24 
𝑅2

𝑅1

 

And, by direct integration, one can prove: 
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) ln (

𝑅2

𝑅1
) + (

𝑅2
2
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2
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2
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−
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2
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] .                                    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 25 

So, 

𝑑𝑝

𝑑𝑍
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2𝜇 ln (
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)
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−

𝑅1
2

4
)]

]
 
 
 
 

,           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 26 

where, 

𝐽 = (
𝑅1

2

4
−

𝑅2
2

4
) ln (

𝑅2

𝑅1
) + (

𝑅2
2

2
−

𝑅1
2

2
) .                                                              𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 27 

Again, differentiation the velocity profile in the Equation 23 with respect to r, we get 

(
𝑑𝑣𝑍(𝑟)

𝑑𝑟
) =

𝑑𝑝

𝑑𝑍
 (

2𝑟

4𝜇
) − [𝑈 +

𝑑𝑝

𝑑𝑍
(
𝑅2

2 − 𝑅1
2

4𝜇
)](

1

𝑅1 ln (
𝑅2

𝑅1
)
) .                    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 28    

We focus our calculation on the shear stress on the surface of the bundle at 𝑟 = 𝑅1, so 
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(
𝑑𝑣𝑧(𝑅1)

𝑑𝑟
) = + [

𝑑𝑝

𝑑𝑍

𝑅1
2

2𝜇
ln (

𝑅2

𝑅1
) −

𝑑𝑝

𝑑𝑧
(
𝑅2

2 − 𝑅1
2

4𝜇
)](

1

𝑅1 ln (
𝑅2

𝑅1
)
) .           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 29 

For  = 𝑈𝑜 , zero shear stress is exerted on the fiber surface, so 

(
𝑑𝑣𝑍(𝑅1)

𝑑𝑟
) = 0.                                                                                                     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 30  

Where, 

𝑈𝑜 =
𝑑𝑝

𝑑𝑍

𝑅1
2

2𝜇
ln (

𝑅2

𝑅1
) −

𝑑𝑝

𝑑𝑍
 (

𝑅2
2 − 𝑅1

2

4𝜇
) ,                                                        𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 31 

and, with the zero-shear stress fiber velocity   𝑈𝑜, we obtain,  

(
𝑑𝑣𝑍(𝑅1)

𝑑𝑟
) = (

𝑈𝑜 − 𝑈

𝑅1
)

1

ln (
𝑅2

𝑅1
)
.                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 32 

Combining this expression with Newton’s law of viscosity, we calculate the shear stress 

on the surface of the fiber as 

𝜏𝑟𝑍|𝑅1
= 𝜇 (

𝑑𝑣𝑍

𝑑𝑟
) |𝑅1

,                                                                                  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 33 

and,  

𝜏𝑟𝑍|𝑅1
= 𝜇 (

𝑈𝑜 − 𝑈

𝑅1
)(

1

𝑙𝑛 (
𝑅2

𝑅1
)
) .                                                           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 34  

The Equation 34 gives the shear stress profile along the translation (Z) direction. 
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Appendix C 

 Mixing Table for Ternary Mixture Preparation with CTAB Concentration 

Variation 

Table C1 

Mixing Table for Ternary Preparation with CTAB Variation 

Batch name Units Formula C40 C60 C80 

Water fraction mL/mL ϕwater 0.18 0.18 0.18 

BA fraction mL/mL ϕBA 0.38 0.38 0.38 

Methanol fract. mL/mL ϕmethOH 0.44 0.44 0.44 

Total volume mL Vtotal 1 1 1 

Water fraction mL 𝐕𝐰𝐚𝐭𝐞𝐫
𝐭𝐨𝐭𝐚𝐥  0.18 0.18 0.18 

Stock Ludox g/g wTMA
0  0.420 0.420 0.420 

Stock Ludox g/mL ρTMA
0  1.28 1.28 1.28 

Sample Ludox g/g wTMA
1  0.42 0.42 0.42 

Sample Ludox g/mL 
ρTMA

1 =
ρTMA

0 − ρwater

wTMA
0 ∗ wTMA

1 + ρwater 1.28 1.28 1.28 

Volume of stock 

Ludox mL 
VTMA = Vwa

total ∗
wTMA

1 ∗ ρTMA
1

wTMA
0 ∗ ρTMA

0  0.18 0.18 0.18 
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Volume of water mL Vwa = Vwa
total − VTMA 0 0 0 

BA fraction mL 𝐕𝐁𝐀
𝐭𝐨𝐭𝐚𝐥 = 𝐕𝐭𝐨𝐭𝐚𝐥 ∗ 𝛟𝐁𝐀 0.38 0.38 0.38 

Volume BA mL VBA = Vtotal ∗ ϕBA 0.38 0.38 0.38 

MethOH 

fraction mL 𝐕𝐦𝐞𝐭𝐡𝐎𝐇
𝐭𝐨𝐭𝐚𝐥 = 𝐕𝐭𝐨𝐭𝐚𝐥 ∗ 𝛟𝐦𝐞𝐭𝐡𝐎𝐇 0.440 0.440 0.440 

Stock CTAB mM CCTAB
0  200 200 200 

Sample CTAB mM CCTAB
1  40 60 80 

Volume of CTAB 

stock mL 
VCTAB = VmethOH

total ∗
CCTAB

0

CCTAB
1  0.088 0.132 0.176 

Stock Ludox g/g wTMAm

0
 0.465 0.465 0.465 

Stock Ludox g/mL ρTMA
0

𝑚 1.21 1.21 1.21 

Sample Ludox g/g wTMAm

1
 0.067 0.067 0.067 

Sample Ludox g/mL 

ρTMAm

1 =
ρTMAm

0 − ρmethOH

wTMAm

0 ∗ wTMAm

1

+ ρmethOH 

 

0.853 0.853 0.853 

Sample Ludox mL 
VTMAm

= VmethOH
total ∗

wTMAm

1 ∗ ρTMAm

1

wTMAm

0 ∗ ρTMAm

0  
0.066 0.066 0.066 

Vol. of methOH mL VmethOH = VmethOH
total − VCTAB − VTMA𝑚 0.286 0.242 0.198 
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Appendix D 

 Mixing Table for Ternary Mixture Preparation with Nanoparticle Concentration 

Variation 

Table D1 

Mixing Table for Ternary Preparation with Nanoparticle Concentration Variation 

Batch name Units Formula NP1 NP2 NP3 NP4 NP5 

Water fraction mL/mL ϕwater 0.18 0.18 0.18 0.18 0.18 

BA fraction mL/mL ϕBA 0.38 0.38 0.38 0.38 0.38 

Methanol fract. mL/mL ϕmethOH 0.44 0.44 0.44 0.44 0.44 

Total volume mL Vtotal 1 1 1 1 1 

Water fraction mL 𝐕𝐰𝐚𝐭𝐞𝐫
𝐭𝐨𝐭𝐚𝐥  0.18 0.18 0.18 0.18 0.18 

Stock Ludox g/g wTMA
0  0.420 0.420 0.420 0.420 0.420 

Stock Ludox g/mL ρTMA
0  1.28 1.28 1.28 1.28 1.28 

Sample Ludox g/g wTMA
1  0.42 0.42 0.42 0.42 0.42 

Sample Ludox g/mL 

ρTMA
1 =

ρTMA
0 − ρwater

wTMA
0 ∗ wTMA

1

+ ρwa 

 

1.28 
1.28 1.28 1.28 1.28 
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Volume of stock 

Ludox mL 
VTMA = Vwa

total ∗
wTMA

1 ∗ ρTMA
1

wTMA
0 ∗ ρTMA

0  

 

0.18 0.18 0.18 0.18 0.18 

Volume of water mL Vwa = Vwa
total − VTMA 0 0 0 0 0 

BA fraction mL 𝐕𝐁𝐀
𝐭𝐨𝐭𝐚𝐥 = 𝐕𝐭𝐨𝐭𝐚𝐥 ∗ 𝛟𝐁𝐀 0.38 0.38 0.38 0.38 0.38 

Volume BA mL VBA = Vtotal ∗ ϕBA 0.38 0.38 0.38 0.38 0.38 

MethOH 

fraction mL 𝐕𝐦𝐞𝐭𝐡𝐎𝐇
𝐭𝐨𝐭𝐚𝐥 = 𝐕𝐭𝐨𝐭𝐚𝐥 ∗ 𝛟𝐦𝐞𝐭𝐡𝐎𝐇 

 

0.440 0.440 0.440 0.440 0.440 

Stock CTAB mM CCTAB
0  200 200 200 200 200 

Sample CTAB mM CCTAB
1  60 60 60 60 60 

Volume of CTAB 

stock mL 
VCTAB = VmethOH 

total ∗
CCTAB

0

CCTAB
1  

 

0.132 0.132 0.132 0.132 0.132 

Stock Ludox g/g wTMAm

0
 

 

0.465 0.465 0.465 0.465 0.465 

Stock Ludox g/mL ρTMAm

0
 

 

1.21 1.21 1.21 1.21 1.21 

Sample Ludox g/g wTMAm

1
 

 

0 0.034 0.067 0.102 

 

0.136 
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Sample Ludox g/mL 

ρTMAm

1 =
ρTMAm

0 − ρmeth.

wTMAm

0

∗ wTMAm

1 + ρmeth. 

 

 

 

0.792 0.823 0.853 0.884 

 

 

0.915 

Sample Ludox mL 

VTMA = VmethOH
total

∗
wTMA

1
m

∗ ρTMA
1

𝑚

wTMAm

0 ∗ ρTMAm

0  

 

0 

0.032 0.066 0.104 

 

0.143 

Vol. of methOH mL 

VmethOH = VmethOH
total − VCTAB

− VTMAm 

 

 

0.308 0.276 0.242 0.204 

 

 

0.165 
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Appendix E 

 Ternary Mixtures with Various Initial Densities 

Table E1  

 

Final Composition Of Five Different Ternary Mixture (TM) Solution With Their 

Experimentally Measured Initial Densities And Silica Fractions (Calculated) 

Composition 𝐍𝐏𝟏 𝐍𝐏𝟐 𝐍𝐏𝟑 𝐍𝐏𝟒 𝐍𝐏𝟓 

(1) BA, mL 0.38 0.38 0.38 0.38 0.38 

(2) Methanol, mL 0.308 0.276 0.242 0.204 0.165 

(3) Ludox TMA in water, mL 0.18 0.18 0.18 0.18 0.18 

(4) Ludox TMA in Methanol, mL 0 0.032 0.066 0.104 0.143 

(5) C16TAB, mL 0.132 0.132 0.132 0.132 0.132 

Total volume (1)+(2)+(3)+(4)+(5), mL 1 1 1 1 1 

Density of ternary mixture, g/cm3 (meausred) 0.911 0.923 0.936 0.952 0.966 

Silica particle wt. fraction (g/g) (calculated) 0.096 0.115 0.136 0.162 0.184 

Silica particle volume fraction, (v/v) (calculated) 0.043 0.051 0.06 0.736 0.0854 
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